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Abstract
NADH and NADPH are ubiquitous biological reducing agents essential for both 
respiration and biosynthesis. The discovery that increased pentose-phosphate 
pathw ay activity in cervical cancer cells leads to increased levels of NAD(P)H, 
emphasises the need for a sensitive detection system as an indication of cellular 
viability and vitality. The remit of this project was to design and synthesise a 
novel molecular sensor system whose emissive properties are "switched on” 
upon reduction by NAD(P)H.
Research using the reducible, non-fluorescent, dye -resazm in- has shown that, in 
the presence of a non-enzymic electron transfer agent -phenazinium  
m etbosulphate (PMS)- NADH can effect reduction to the highly fluorescent dye - 
resorufin. Mechanistic studies have shown that the reduction proceeds via a two- 
electron hydride transfer to the heterocyclic mediator, followed by a one electron 
transfer to the dye and disproportionation to furnish the final fluorescent 
product. It has been shown that direct reduction by NADH does not occur and 
that the reaction depends upon there being an electron transfer agent present.
A new type of reagent for the detection of NAD(P)H has been synthesised, 
comprising a reducible heterocycle and a masked fluorophore. It has been shown 
that reduction of the precursor conjugate by NADH results in the release of a 
detectable fluorescent moiety -m etbylum belliferone.
The synthesis of an analogous conjugate probe containing a known hindered 
dioxetane moiety is described. Prepared using a previously unreported route, the 
key vinyl ether intermediate is generated via a Wadsworth-Emmons reductive 
coupling of an a-alkoxy phosphonate to 2-adamantanone. Reduction by NADH 
and subsequent cleavage of a conjugate ether link generates an electron rich 
phenolate substituted dioxetane which is metastable, resulting in emission from 
the generated excited product. Work towards a dioxetane containing 
functionalised alkyl group for conjugation to a fluorophore is also outlined.
© Carl A. Roeschlaub 2000
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Chapter 1
The Role and Function of Nicotinamide Cofactors in Cellular 
Survival and Vitality.
Living systems are dependant on the continual input of energy for the 
sustenance of the essential processes which ensure that the dynamics of life and 
regeneration come to pass. All classes of Hfe require energy to drive the 
biosynthetic generation of essential biomolecules from simpler precursors and to 
propel active transport mechanisms of molecules and ions throughout the 
organism. Higher organisms require energy to allow cellular movements such as 
muscle contraction. Pbototropic systems utihse Ught energy; whereas 
chem otropic systems rely on the oxidation of externally obtained fuel or food as 
the primary source of energy. In each case the primary energy source is 
converted to a chemical "energy carrier", such as Adenosine Tiipbospbate (ATP), 
which can be used comprehensively throughout the system.^
The pyridine nucleotides, nicotinamide adenine dinucleotide (NAD^/NADH) (1, 
3) and nicotinamide adenine dinucleotide phosphate (NADP^/NADPH)(2, 4), are 
essential reagents in the process of forming ATP and also in the resulting 
metabohc processes that ATP helps to drive.
Figure 1
CHz
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Discovery in 1904 that the presence of a dialysable cofactor (then known as 
cozymase) was required for the conversion of glucose to ethanol by cell free yeast 
extracts, stimulated numerous studies to elucidate its structure and determine 
the extent of its action/ By the early 1930’s, the gross structure had been 
identified as a dihydropyridine derivative/ although it was not until 1954 that 
the fine structure of NADH was elucidated as the 1,4-dihydronicotinamide/ 
Further investigation by Warburg, Christian and Griese who demonstrated that 
the coenzyme consisted of one mole of the nucleotide base adenine, two moles 
of deoxyribose (then thought to be pentose) and three moles of inorganic 
phosphate; it is now known that the compound identified was the 
phosphoiylated analogue NADP^/NADPH/
In biological systems pyridine nucleotides act as coenzymes to the so-called 
NAD(P) (or pyridine)-linked enzymes which facilitate two-electron oxidation 
reduction of a substrate. Coenzymes or are essential non-protein factors which 
are taken in by the enzyme to allow them to perform their function as catalysts 
in biochemical reactions. Often they are small and bind loosely to the enzyme 
thus activating its catalytic function before being regenerated in their original 
form. Coenzymes can also bind to sites other than the active site prior to 
substrate-enzyme interaction thus resulting in a shght alteration of the protein 
structure around the active site to allow interaction with the substrate.
There are over 250 known enzymatic reactions which are dependant on he 
pyridine nucleotide coenzymes, most of which are specific for either NADH or 
NADPH, while other accept either. NAD(P)H dependant enzymes include the 
dehydrogenases, transhydrogenases, phosphorylases, diaphorases and oxidases.^ 
Nicotinamide coenzymes are required to assist in oxidaüon-reduction reactions 
catalysed by many dehydrogenases so instead of acting solely as an enzyme 
modifier they also act as a substrate donating or accepting hydride ions.^ In most 
dehydrogenases they are loosely bound and freely move in and out of the protein 
structure, however in one case- glyceraldebyde 3-pbospbate dehydrogenase- the 
NAD^ is covalently bound and is considered to be more of a prosthetic group, as 
are the flavin nucleotides- FAD and FMN- in most of the flavoproteins.®
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Despite the vast array of processes that utihse NAD(P)H (and NAD(P)^), the basic 
chemical function remains the same: the donation (or acceptance) of two 
electrons and a proton; in effect, hydride transfer.
Pyridine nucleotides are found in all types of cell; however the unphosphorylated 
analogue NADVNADH is usually the more abundant of the two. In hver cells 
about 60 percent of the total NADVNADH is found in the mitochondria and the 
rest in the cell cytosol; conversely NADP^/NADPH is more abundant in the 
cytosol than in the mitochondria. This distribution is an indication of the 
differing functions of the two very similar coenzymes.
Although both NADH and NADPH have the same redox potential (0.32v), the 
functions of the two cofactors are different.^ NADVNADH is utihsed mainly in 
respiration and processes leading to oxidative phosphorylation (ATP synthesis), 
through collection of hydrogen from catabohc substrates for transfer to the 
respiratory chain. NADP^/NADPH is used almost exclusively for reductive 
biosynthesis as a hydrogen donor. The extra phosphate group at the 2’ position 
of the adenosine moiety acts to direct the coenzyme to the specific biosynthetic 
enzymes. The relevant functions will be discussed later.
Both coenzymes are kinetically very stable in the absence of a catalyst, i.e. the 
enzyme, and react only slowly with oxygen under such conditions despite a large 
thermodynamic driving force for reaction with oxygen (as is the case in 
respiration). The inherent stability of the coenzymes in the absence of specific 
catalysts or non-enzymic electron transfer agents, enables the associated enzymes 
to control the flow of reductive power and electron transfer which is essential for 
their biological function.^®
M echanism  of H ydride Transfer
It is generally accepted that reduction by nicotinamide coenzymes occurs via 
direct hydride transfer and that the lack of exchange of the hydrogen atom with 
aqueous media precludes its transfer as a proton during a concerted process. The
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overall result being the same as catalytic hydrogenation or hydride attack using a 
reagent such as hthium aluminium hydride (LiAlH )^. Acting via enzymic 
mediators, a vast array of substrates can undergo reduction; however the 
functional group transformations are hmited to a few general types such as 
aldehydes and ketones to 1° and 2° alcohols;^^ alkenes to alkanes,^^ disulphides 
to th io ls ,S ch iff bases (imines and imminium ions) to a m in e s ,etc.
Figure 2. Examples o f Functional Groups Reduced byNAD(P)H.
R
(A) nad(p):h  "*5^9 R '/  \ J
(B) nad(p);h
NAD(P)+ + H ^ R ’
R OH
-► NAD(P)'*' +
H Ir . -
V
(C) NAD(P):H RS-j-SR ► NADlP)"^  + RSH + RS'
If
2 RSH
(D) nad(p):h
COgR
NAD(P)  ^ +
CO2R
In cases A-C, the proton is supphed by the solvent or the enzyme active site 
functional groups.
As alluded to earlier, the site of hydride transfer was thought to be at the ortho 
position, either 2 or 6, of the nicotinamide ring. Two independent studies 
carried out in the 1950’s provided definitive evidence for oxidation/reduction at 
the 4 position.
Westheimer an his group elegantly proved direct transfer of hydrogen between 
substrate and NADVNADH using yea st alcohol dehydrogenase (YADH).^  ^
Oxidation of ethanol in the presence of DgO afforded no labelled NADH, however
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C-1 deuterium labelled ethanol (5), with HjO as the solvent, transferred one atom 
of deuterium per molecule to NAD^ {Scheme i).
D D
HaC' 'OH
(5)
NH:
+
‘N+
(1)
- H
DÏ
(6)
NH;
(7)
Schem e 1
Isolation of the deuteriated NADD (7) and subsequent enzymic reduction of 
unlabelled acetaldehyde showed quantitative transfer of the deuterium to 
acetaldehyde (8) to afford NAD^ (1) and C-1 mono-deuteriated ethanol (9) 
{Scheme 2).
D. H O
H
(8)
'NH, - H H D
(7)
H3C ' 'OH 
(9)
NH:
+
m
(1)
Schem e 2
The removal of the same hydrogen occurs during reoxidation {Le. the deuterium 
rather than the protium), hence the reaction is quantitative and only the 
deuterium is transferred. However, when chemically deuteriated NADD (as 
opposed to enzymically deuteriated) undergoes enzymic reoxidation only part of 
the deuterium label was transferred to the aldehyde because the chemical 
labelling procedure gave a mixture of both stereoisomers and, as a result, either a 
deuterium or a protium atom could be transferred depending on the 
stereochemistry. It was concluded that only one stereoisomer was formed in the 
enzymic reduction of NAD^ and that the transfer of a hydrogen atom both to and 
from NAD^/NADH is stereospecific. It is now known that various NAD (P)-linked 
dehydrogenases exhibit stereospecificity for either the A or B form depending on 
which hydrogen atom is transferred {seepage
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The second groundbreaking study determined the position at which reduction 
took place on the nicotinamide ring. Pullman e t aL, in 1954, followed the 
deuterium labelling lead and set up a series of oxidation-reduction reactions 
which disproved the favoured 1,6-dihydro postulate.^^^^
Reducing NAD^ with sodium dithionite in DgO yielded a labelled mixture of both 
A- and B- forms of (7), subsequent reoxidation in the presence of YADH led to the 
generation of NAD^ still containing some deuterium. Enzymic cleavage of the 
adenine dinucleotide subunit and subsequent N-methylation with methyl iodide 
afforded the labelled methyl nicotinamide (10). After a subsequent oxidation, 
using alkaline ferricyanide as a specific oxidant to generate only the 2- and 6- 
pyridones, it was found that no loss of the deuterium labelling was observed in 
this final step. This proved that deuteriation, and hence the transfer of hydrogen 
atoms, does not occur at either C-2 or C-6 and that NADH m ust be the 1,4- 
dihydropyridine compound. The structural assignment has since been verified by 
nmr studies.
r
(1)
Na2S204
lo%0 "N'
(7)
CH3
(10)
[O]
D O
"NH, NH2+
CH3 
(11)
Schem e^
The positions occupied by the two C-4 hydrogen atoms in NADH are 
"antbropomorpbic”. Le. not treated as equivalent (one in front and one behind 
the plane of the nicotinamide ring), thus C-4 is said to be a procbiral centre and 
the enzyme catalyst, such as alcobol dehydrogenase, is said to be a chiral reagent
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which distinguishes between the two atoms and selectively transfers one of 
them. Nmr studies carried out by Sarma e t al„ have estabhshed that the C-4 
hydrogen atoms are magnetically as well as chemically non-equivalent thus 
justifying the distinction between the two by enzymes.
The early concept of stereospecificity was based solely on shielding of one side of 
the nicotinamide plane by the protein structure. A-specific enzymes would hold 
the substrate in proximity to the "A”-side and the pro-R hydrogen of NAD(P)H 
transferred; alternatively, B-specific enzymes catalyse the transfer of the pro-S  
hydrogen from NAD(P)H by situation of the substrate close to the "B"-face. 
Figured
Substrate'(Oxidlsed)j Substrate \  | j,_________ %(Oxidised^ i dehydrogenase
Active site of A-specific 
dehydrogenase
Active site of B-specific
CONH
A-side B-side
OH OH
CONH2OH OH
'^ 0 3 —Adenosine PO 3—Adenosine
Later studies on the mechanism of enzyme mediated reduction have shown a less 
simphstic view of stereospecificity. Although 1,4-dihydropyidine ring systems 
prefer a planar conformation, it is known that N-substitution induces 
deformation to give a quasi-boat conformation.^^ It is proposed that it is the 
pseudoaxial hydrogen in the C-4 position which is transferred and that the 
enzymic active site not only blocks the side not to be used for reaction but also 
sterically aides the dynamic deformation, i,e. %  is transferred from (13); Hg is 
transferred from (14) {Figure 4i.
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Figure 4
(13) NH2OC
A proposal by Benner e t aL, suggesting that the conformation of the ribose in 
relation to the dihydropyridine, Le. an ti or syn, antiperiplanar or periplanar, 
results in an alteration of reduction potential have been shown to be incorrect 
It is now thought that enzyme induced stereospecificity occurs due mainly to the 
reactants being held within the van der Waals radii of each other by the amino 
acid residues of the active site and that a transition state of specific orientation 
arises which results in an enantiomerically pure product/^
The importance of the amide group has been investigated extensively. Originally 
thought to be merely a directing group to allow differentiation by the enzyme, 
model studies carried out by Almarsson using dihydropyridine models have 
indicated an important role in stereospecific hydride transfer.^^ In solution 1,4- 
dihydronicotinamide, not experiencing the effect of the enzyme environment, 
displays rapid ring puckering, such that Hr and Hg become alternately 
pseudoaxial. This, combined with the energetically favourable stacked 
conformation of the nicotinamide and adenine rings (tethered by a flexible 
phosphate-sugar linker), which are also in equilibrium, results in a loss of pro­
chirality at the C-4 centre when NADH is not bound enzymically or the 
configuration fixed in some way {see page 10).
Figure 5
.....
NH
N
N 'N
■NH;
^  .
%
chapter 1
Stereochemical control can be achieved in non-enzymic systems by manipulation 
of the steric arrangement of the remote amide group. It has been reported that 
the amide at C-3 does not occupy the same plane as the C-2-C-3 double bond and 
hence plays a fundamental role in the stereodifferentiation of the two faces of 
the dihydropyridine ring.^^
Calculation studies on a NAD(P)H model have also revealed that the hydrogen 
transfer to an electrophilic substrate is assisted by the amide dipole and that the 
C-4 hydrogen which is syn  to the amide carbonyl is stereospecifically 
transferred.^^ This has led to a number of biomimeüc models capable of 
enantioselective reduction through fixing of the carbonyl orientation by 
cyclisation or sterically large substituents on the pyridine ring.^  ^ A fine example 
of an enantioselective nicotinamide reagent is (15) where the amide/lactam 
carbonyl is ca, 50° out of plane resulting in the stereospecific reduction of methyl 
benzoyl formate (16) with a high enantiomeric excess of 91% {Scheme 4).^ ^
Bn
OH
Ph
(16)
OH H
MeOzC" ^Ph
(17) 
ee(R) (91%)
Schem e 4
A study in which the amide is replaced by p-tolysulphinate to give the analogue
(18) where the orientation of the carbonyl fixed due to steric factors, illustrates 
clearly that syn  addition of hydride occurs when reducing the same a-keto acid 
(16) {Scheme
10
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H o  Toi
O
P h^ '^C O zM e(16)
Mg(Cl04)2
H, OH
Ph" '"COzMe 
(17) 
ee(R) (99%)
Schem e S
Most NAD(P)H dependent enzymes are metalloproteins, many of which contain 
at least one zinc atom. It has been suggested that in the case of aldehyde and 
ketone reduction, activation of the carbonyl by the metal promotes hydride 
attack. A number of model studies have indicated that the presence of divalent 
metal ions (Nf^, Co^ ,^ Zn^^, Mn^+, or Mg^^) give an increased rate for the reaction 
of dihydropyridine models with a range of substrates, such as a-ketoesters,^® a- 
diketones and a-hydroxyketones,^^ benzaldehydes,^® 2-acylpyridines,^^ a-imino 
esters,^^ a-imino acids,^^ a,p-unsaturated iminium salts,^ and certain reductive 
aminations.^^
Model dihydropyridines have been used extensively to elucidate the mode of 
action of the NAD(P)H and, although a wealth of mechanistic data exists on the 
reductive properties of the coenzymes, there is still much debate on the exact 
mechanism of hydrogen transfer.
As early as 1957, Abeles e t a l, proposed that reduction proceeds via a one step 
hydride transfer, a mechanism supported by numerous model studies.^^ 
However, through the 1970’s and SO's a number of reports challenging this 
postulate were published. The alternative proposed mechanism was one of a 
multi-step (e' +  H^ +  e ) hydrogen transfer, based upon the poor correlation 
between the expected kinetic deuterium isotope effect and the observed H/D
11
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isotopic ratio of the product.^^ Although the weight of evidence for multi-step 
transfer is mounting as more model studies are carried out, the debate continues 
as to whether these reactions are good models for NAD(P)H reduction, or just 
specific mechanisms for the studied dihydropyridine models.^^
Regardless of the mechanistic route, it is accepted that the gross transfer from 
NAD(P)H is one of a proton and two electrons, and that, under normal reaction 
conditions, it is considered to be a 'two electron’ or 'hydride donor'.
Pyridine N ucleotides as E lectron T ransfer Agents.
The main advantage aerobic organisms have over their anaerobic counterparts is 
the ability to capture and utilise a far greater proportion of the free energy bound 
up in absorbed fuel or food. This is achieved through a process known as 
oxidative phosphorylation, whereby the universal energy carrier, ATP, is produced 
as a by-product of the exothermic reduction of molecular oxygen.
The respiratory chain, a series of enzymic catalysts, accepts the reducing 
equivalents in the form of two electrons, from NADH and transports them to the 
oxygen to generate water. The major components of the chain are arranged in 
order of decreasing electronegativity thus allowing the reducing equivalents to 
flow through the system from electronegative to electropositive through a series 
of small redox steps for a total redox span of 1.14v from NADVNADH to OJRJD 
{Figure
NADH + V 2 O2 +  H"^---------► NAD^ +  HgO
Equation 1
NAD^ + H +  4- 2e ' ►NADH E° =  -0.32v
Equation 2
V2O2 +  2H'*' +  2 e  ► H2O E °=  O.S2v
Equation 3
AE° =  0 . 8 2  -  ( -0 .32)  =  1 .1 4 V  
Equation 4
12
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Situated in the mitochondrial matrix, a series of enzymic redox carrier complexes 
through which electrons are transported are arranged in order of decreasing free 
energy states, which facilitates the movement of reducing power and allow the 
final reduction. These complexes are, in order, NADH dehydrogenase containing 
flavoprotein and metalloprotein prosthetic groups; quinone derivatives (Q) and, 
finally, cytochrome containing enzyme systems, cytochrome reductase (Cyt b and 
c) and cytochrome oxidase (Cyt a) which finally pass electrons to for reduction 
to water.'*® Phosphorylation occurs in nodule-hke protein complexes containing 
ATP-synthase.
Figure 6
NADH NAD
ADP + Pi ATP
Figure .7
NADH
DehydrogenaseNADH
81kJ
29.7UII
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It is thought that the free energy generated from the respiratory chain actively 
pumps protons across the mitochondrial inner membrane thus creating a 
membrane potential through a proton gradient.'*^ The electrochemical potential 
difference is used to drive phosphorylation, via ATP synthase, converting 
adenosine diphosphate (ADP) to adenosine triphosphate (ATP) using inorganic 
phosphate.
A related, and extremely important, mechanism utilising the electron transport 
properties of the pyridine nucleotides is the hydroxylation of alkyl groups. 
Although essentially an oxidative process, the generation of an active oxygen 
species is promoted via an electron transfer mechanism initiated by reduction of 
FAD to FADH2, by NADPH, present as a cofactor within specific enzymes known 
as monooxygenases. As with the respiratory chain, the terminus for electron 
transfer is a cytochrome component, i.e. a heme protein, which when in a 
reduced form can catalyse the reaction:
RH + O2 + 2BT + 2e •ROH + H2O
Equation 5
It is thought that oxidation proceeds via a free radical mechanism through co­
ordination of molecular oxygen to a vacant site on the heme iron.'*^
Figure 8
IV
R-rH
N,
N'
Cys
-dr
Cys
S
IlIUN
N' :Fe:
+  ROH
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Such processes are responsible for the oxidation of a range of substrates such as 
arenes to phenols, alkenes to epoxides, alkanes to alcohols and sulphides to 
sulphoxides. Of particular importance is the hydroxylation of steroids in 
androgen synthesis and the central role such transformations play in elimination 
of xenobiotic compounds from the body Le. hydroxylation and further 
conjugation to soluble, excretable derivatives/^
The Citric Acid Cycle
Discovered by Krebs in the late 1930’s the citric acid cycle or tricarboxylic acid 
cycle is the final common pathway for fuel molecules after metabolism. It 
provides a major source of NADH for oxidative phosphorylation, as well as a 
number of essential biosynthetic precursors.'*'*
Ingested fuel molecules are ultimately converted to acetyl coenzyme~A (acetyl- 
CoA) by oxidative decarboxylation of substrates such as pyruvate, a product of 
glycolysis. A cetyl CoA enters the cycle and is coupled to the four carbon unit, 
oxaloacetate, to form a six carbon structure, citrate Citrate then undergoes a 
series of oxidations to yield two moles of carbon dioxide and regeneration of the 
four carbon oxaloacetate. During the cycle three moles of NAD^ are converted to 
NADH and one mole of FADH  ^is generated from FAD.
Intermediates from the cycle are used in a range of biosyntheses, for example, 
succinyl CoA is the major building block in porphyrin biosynthesis and both 
oxaloacetate and a-ketoglutarate are used in amino acid generation. However, 
given the cyclic nature of the process, there must be continual replenishment of 
those intermediates removed; in particular oxaloacetate, without which the cycle 
will cease as it is essential for condensation to acetyl CoA to allow entry into the 
cycle. In mammals, acetyl CoA cannot be converted directly to any other 
intermediate in the cycle, including oxaloacetate hence when required, pyruvate 
can undergo an enzymic carboxylation reaction to produce oxaloacetate on 
demand.'*^
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Pyridine N ucleotides as Reducing Agents in  Biosynthesis
Where NADH is used in the generation of energy rich ATP molecules from 
ingested fuel, the reducing power of NADPH is utilised primarily for biosynthesis. 
In most biosynthetic pathways the precursors are more oxidised than the 
products, for example saturated fatty acids are produced from carbonyl
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containing substrates, via the input of four electrons (from two moles of NADPH) 
over several steps. As alluded to earlier, the extra phosphate group at C-2 of the 
ribose subunit of NADPH acts as a "tag” which directs the coenzyme to the 
specific biosynthetic enzymes.
Although a range of biotransformations are born out of NADPH reduction the two 
major biochemical routes which utilise such reductive power illustrate the 
essential role pyridine nucleotides play in the synthesis of biological material.
AJ M evalonic A cid  as an Interm edia te in  the B iosynthesis o f  C bolesterof^
Although, virtually all human cells have the capacity to make cholesterol, the hver 
is the major site for biosynthesis of this essential steroid used as a modulator of 
fluidity in eukaryotic cell membranes and as a precursor in androgen synthesis, 
i.e . progesterone, testosterone, estradiol etc. The elucidation of the biosynthetic 
pathway to cholesterol was one of the great moments in natural product research 
due largely to the industrious efforts of Bloch and Cornforth in the early 1960s. 4^7
M evalonic acid, or M evalonate, (21) is a key intermediate and the biosynthetic 
route relies on the reductive power of NADPH to carry out two essential 
transformations. Condensation of three molecules of acetyl CoA (19) generates 3- 
hydroxy-3~methylglutaryl CoA (HMG CoA) (20). Regioselective reduction of a 
carbonyl by NADPH and cleavage of the thioester bond of the bound coenzyme, 
affords the six carbon m evalonate (21) {Scheme âi.
o HgO 2 CoA—SH 2 NADPH + 2H+ 2 NADP'‘‘S— CoA V  y  _OH
H«C OH— ' " O C T
Acetyl-CoA (19) HMG-CoA (20) CoA—SH Mevalonate (21)
Schem e 6
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Subsequent conversion to isopen tyl pyrophosphate and conjugation with 
squalene ultimately produces the steroid.
B) F atty A cid Syn thesis48
Fatty acids i.e. long chain hydrocarbons containing a terminal carboxyl group, 
have three major physiological roles: (i) as fuel molecules; (ii) as hormones or 
intracellular messengers; and (iii) as the building blocks for membrane 
constituents phosphohpids and glycohpids. The most naturally abundant 
saturated fatty acids occur as 16-20 carbon units and are vital constituents of 
natural waxes, seed oils and glycerides.
The biosynthesis of fatty acids is under the control of enzymes known as fa tty  
acid synthases, which work in conjunction with a cofactor protein- acetyl carrier 
protein (ACP) which aids the co-ordination of the small molecule building blocks.
Condensation of a two carbon unit and a three carbon unit- acetyl-ACP (22) and 
malonyl-ACP (23) (both linked to ACP), and the loss of CO  ^ results in a four 
carbon product, acetoacetyl-ACP (24). Reduction, dehydration and a second 
reduction ensues to generate the four carbon phosphohpid butyryl-ACP {27). The
reduction in each case is effected by NADPH
S— ACP 
Malonyl-ACP (23)
NADP'NADPH
ACP
o o
Acetoacetyl-ACP (24)
ÔH O 
D-3-Hydro%ybutyryl-ACP (25)^ S — ACP 
Acetyl-CoA (22)
HgONADPHNADP
.S— ACP ACP
O
Crotonyl-ACP (26)Palm itate (28) Butyryl-ACP (27)
Schem e 7
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Further chain elongation can occur via condensation with malonyl-ACP (23) and 
subsequent transformations; hence the predominance of even numbered fatty 
acid chains. Elongation usually continues until a sixteen carbon unit, palm itate- 
ACP, is formed, which is not used as a substrate for further condensations and is, 
instead, hydrolysed to palm itate (28) and ACP. Further elongation is carried out 
via enzymic couphng and oxidation to afford olefinic long chain fatty acids.
Overall, the synthesis of palm itate  (28) utilises fourteen moles of NADPH, seven 
moles of ATP and eight moles of acetyl CoA.
8  Acetyl-CoA +  7 ATP +  14 NADPH------ ► Palmitate +  14 NADP^ +  8  CoA +  7 ADP +  7 Pi
Equation 6
The reduction of the carbonyl by NADPH in the biosynthesis described has been 
shown to be stereospecific with the pro-4S hydrogen acting as the source of 
hydride; syn  ehminaüon ensues to yield the J^alkene. Reduction of the alkene 
by NADPH, using the pro-4R hydride effects the final alkyl product. This 
elegantly illustrates the point alluded to earher that enzymic control of 
sterospecificity and regiospecificity are crucial factors in biosynthesis."*^
The Pentose-Phosphate Pathw ay 50
Where glycolysis and the citric acid cycle are the source of NADH, the primary 
source of NADPH is the pentose-phosphate pathw ay or shun t. It forms an 
alternative path to glycolysis for the oxidation of glucose and generates nbose-6- 
phosphate (33) an important five carbon component of biomolecules such as 
RNA, DNA, pyridine nucleotides, flavin nucleotides ATP etc.
Figure 10
Pentose-phosphate pathwayGlucose-6 -phosphate CO2
NADPH
Fatty acid-CoA ■*------------------------------------------------   Acetyl-CoAFatty acid synthesis
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Split into two distinct branches, it is the oxidative branch that generates the 
NADPH in a series of irreversible reactions; the non-oxidative branch consists of a 
sequence of reversible rearrangements of phosphorylated monosaccharides.
Given the importance of NADPH as a reducing agent it is essential that a high 
[NADPH]/[NADP^] ratio is maintained. Under aerobic conditions NAD^ may be as 
much as 100 times as abundant as the reduced form NADH, due to its role in 
oxidative processes as a hydride/electron donor. The non-equihbrium nature of 
the NADPH forming branch of the pentose-phosphate pathway enables the cell to 
ensure a 50 to 100 fold excess of the reduced form. It is for this reason that 
biochemical processes employ NADPH rather than NADH whenever a strong 
reducing agent is required.
Figure 11. The oxidative branch o f the pentose-phosphate pathway.
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The subsequent conversion of ribulose-5-phosphate (32) to ribose-5-phosphate 
(33) is part of the non-oxidative branch of the pathway and involves 
isomérisation via an enediol intermediate by phosphopentose isomerase.
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Figure 12
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Besides the glycolytic intermediates, two molecules of NADPH are formed for 
each carbon released as COg in the conversion of the six carbon glucose to the 
five carbon ribulose or ribose.
Glucose-6-phosphate 4- 2 NADP'*' 4- H2O
 ► Ribose-5-phosphate 4- 2 NADPH 4- 2 H^ 4- CO2
Equation 7
The non-oxidative branch of the pathway is reversible and provides a route for 
the synthesis of glyceraldehyde-3-phospbate and fructose-6-pbospbate, creating a 
reversible link between glucose oxidation by glycolysis and the pentose- 
phosphate pathway and providing a means of moderating the amount of ribose-5~ 
phosphate anà NADPH formed {Figure 17).
Figure 13. The non-oxidative branch o f the pentose-phosphate pathway. 
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The pathway, however, can operate in different modes according to the relevant 
needs of the cell for NADPH and ribose-5-phosphate (33).
(i) If the ceU requires m ore rlbose-3-pbospbate than NADPH, it can be generated 
not only through the irreversible oxidative branch but also through the reversal of 
reactions in the non-oxidative branch. This is an important process in tissues 
such as muscle and brain where oxidative pentose-phosphate activity is low and 
an adequate pool of nucleotide precursors must be maintained.
(ii) If the needs for NADPH and ribose-5-phosphate are balanced, the oxidative 
branch and reaction of ribulose-3-pbosphate via pentose phosphate isom erase 
supply both products, with httle substrate flow through th^ non-oxidative branch.
(iii) If the requirement is for less ribose-5-phospbate and more NADPH, then the 
oxidative and non-oxidative branch form fructose-ôpbospbate and 
glyceraldehyde-3-phosphate These can be converted back to glucose-6-phosphate 
via gluconeogenic reactions; hence setting up a reaction cycle where, 
theoretically, the whole glucose molecule can be oxidised to CO2 and NADPH.
Pentose phosphate activity is minimal in regions such as the muscle and brain 
where the need for NADPH is minimal and almost all of the glucose is degraded 
by glycolysis; however, it accounts for a significant proportion of the total glucose 
oxidation in tissues with active fatty acid and cholesterol synthesis centres, such 
as hver adrenal cortex and lactating mammary glands.
This elegant example of metabohc regulation illustrates the way universal 
processes can be tailored to fit the circumstance of a particular cell or tissue, i.e. 
high activities of the two dehydrogenases of the oxidative branch are found in 
tissue requiring large amount of NADPH for biosynthesis, such as adipose tissue.
Pentose-Phosphate Pathw ay Activity in  N eoplasic Cervical Cells
As has been mentioned aheady, one of the main functions of the pentose- 
phosphate pathway is the synthesis of ribose-3phospbate (33) for incorporation 
into ribonucleic acids. Given that the mechanism of tumour growth is one of
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increased cell proliferation, it has been found that increased requirement for 
nucleic acid precursors results in high pentose phosphate pathway activity, 
particularly in cancer of the uterine cervix.^^
World-wide, cervical cancer is the second most common cancer in women after 
breast cancer/^ Classical histological distinction of the stages of dysplasia 
(abnormal cell development) are noted as CIN (cervical intra-epithehal neoplasia) 
stage 1 (mild), stage 2 (moderate) and stage 3 (severe including cases of 
carcinoma in-situ). As is the case with many cancers diagnosis and treatment at 
an early stage it  is treatable with a high degree of success; however, detection of 
dysplasic cells at the CIN 1 stage is far from straight forward.^^
The existing method of screening, the Papanicolaou smear test, rehes on visual 
identification of abnormal cell development. Obviously, this is extremely 
subjective and labour intensive, especially when dealing with mild cases where 
10-20 cells per million may be abnormal.^"*
Since the discovery that the enzymes of the oxidative branch of the pentose- 
phosphate pathway, glucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase, show increased activity in the vaginal fluid of gynaecologic 
cancer, a number of studies have been carried out in an attempt to develop a 
diagnostic tool which will accurately detect cervical dysplasia at an early stage.^^
Given that NADPH is irreversibly generated in the oxidative branch of the 
phosphate pentose pathway, it follows that any increase in activity will lead to an 
increase in NADPH levels.^^ However, the rapid turnover of NADPH to NADP^, 
means that direct measurement is not possible. The use of an irreversibly 
reduced detectable reagent would allow an alternative method of monitoring 
phosphate-pentose pathway activity, by taking a ’’snap-shot” view of NADPH 
levels at a point in time. Such a method would provide an enhancement to the 
existing screening methodologies allowing selective differentiation of the normal 
and abnormal cells. Colourimetric and fluorimetric differential analysis is not 
only sensitive and much less subjective, it is also suitable for exploitation by
23
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automatic high-throughput screening techniques. Therefore one would expect, a 
vast increase in the number of assays carried out and, hopefully, a reduction in 
the number of false results, in particular false negatives, so that early diagnosis 
and treatment is made available.
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Chapter 2
Existing Methods and Techniques Employed for the Detection
of NAD(P)H,
The far reaching and essential role of NAD(P)^/NAD(P)H and related enzymes has 
led to a vast array of detection methods for the cofactor. Many assay methods for 
the study of enzymatic activity of NAD(P)^ dependant deyhydrogenases rely on 
the determination of NAD(P)H levels, the rate of production of which is 
dependant on the activity of the enzyme e.g. alcohol dehydrogenase {Figure 14), 
Figure 14.
Alcohol
. DehydrogenaseNAD + RCH(OH)R'  ^ NADH + R(CO)R’
Although possible to directly monitor NAD(P)^/NAD(P)H concentration either by 
fluorescence (NAD(P)^ fluoresces at 440nm) or colourimethcally, due to the high 
rate of turnover of NAD(P)H back to NAD(P)^ it is often impossible to achieve 
quantifiable results.^^ Instead, most sensor systems rely on the reductive quahty 
of the NAD(P)H dihydropyridine to effect a physicochemical change which can be 
monitored and extrapolated to quantify the levels of bioreductant.
Of the reported methods of detecting NAD(P)H, by far the most common and 
widely investigated is that of electrochemical sensing.
D etection Using A m perom etric M ethods.
The 1980's saw a great deal of interest in the development of electrochemical 
biosensors for both cHnical and industrial applications, thus providing a direct 
route for the conversion of analyte concentration into measurable electric 
current.
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An electrode acts as a transducer, converting the chemical energy into electrical 
signals. Specificity, essential for a selective sensor, is imparted via a recognition 
layer, often an immobilised enzyme layer bound, covalently or non-covalently, to 
the electrode.
Figure 15
TARGET
ANAETTE
i
Electrochemical sensors fall into three categories, depending on the nature of the 
electrical signal: amperometric, potentiom etric and, to a lesser extent. 
conductom etric The choice of signal transducer is governed by the nature of the 
substrate and the desired analytical function. Potentiometric sensors measure 
the potential difference generated between two electrodes, amperometric sensors 
detect any change in current.
Potentiometric electrodes act hke a battery, generating a potential difference 
which is measured relative to a reference under conditions of zero current flow. 
Although such a technique does not involve any net consumption of material 
(and hence mass transport phenomena do not comphcate matters), a major 
practical disadvantage is the logarithmic relationship between electrode potential 
(Æ) and analyte concentration (<^ , Le.
Ln(c) = nEF/RT + constant 
Equation 8
where, n  is the valency of the detected ion, / ’is the faraday constant, R the gas 
constant and T  the absolute temperature. A relatively small error in E  can result 
in a substantial error in the determination of c  It is largely for this reason that 
the majority of electrochemical biosensors are based upon amperometric systems 
which exhibit a linear concentration/current relationship.
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Amperometric sensors are based upon the detection of electroactive species 
involved in the recognition process (as opposed to localised ionic strength as with 
potentiometers). The transduction process is accomplished by fixing the 
potential of the working electrode a t a set value and monitoring the current as a 
function of time. The applied potential exerts "pressure” on the electroactive 
species to gain or lose electrons, hence driving electron transfer which is 
manifested as current from the electrode.
Although the recognition layer of the electrode is often a bound enzyme, the 
redox centre of such enzymic systems is some distance from the surface of the 
transducer making electron transfer difficult. Instead, biocatalytic generation or 
consumption of electroactive species, such as NADH and HgOz, has made 
amperometric sensing a popular choice for the detection of oxidoreductase 
enzymes and their corresponding substrates, e.g.
Substrate +  O2 product +
Equation 9
Substrate +  NAD^ product +  NADH
Equation 10
Thus, a range of oxidase- and dehydrogenase- electrodes are available for a variety 
of substrates/analytes.
Table 1 Exam ples o f oxidase- and dehydrogenase- based electrode^°
Target Analyte Immobilised Enzyme Detected Species
Amino acids Amino acid oxidase H2O2
Ethanol Alcohol dehydrogenase NADH
Lactate Lactate dehydrogenase NADH
Malate Malate dehydrogenase NADH
Glucose Glucose oxidase H2O2
The hberated peroxide or NADH species can be readily detected at potentials of 
0.6-0.8 V (against Ag/AgCl electrode). Due to the number of steps required from
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initial analyte recognition to final reoxidation at the electrode, the actual 
response of the electrode is determined by the rate determining step in the 
overall reaction.
Figure 16
Substrate2 e NAD
Enzyme
ProductNADH
There are disadvantages to such "basic" bioelectrodes in that easily oxidisable 
substituents present in the sample, such as ascorbic or uric acids, can contribute 
a significant background interference current and in some cases result in 
electrode fouling. Permselective films or membrane barriers, such as cellulose or, 
more popularly Nafion, discriminate between molecular transport properties, 
such as solute size, polarity and charge and are readily used to control access to 
the electrode.^^ The use of electron transfer mediators, however, has been an 
area of increasing interest as it imparts a high degree of chemical specificity.
An electron transfer mediator is often a species of low molecular weight, such as 
a hydroquinone*^^ or catechol,*^  ^ which serve to "shuttle" electrons between the 
redox centre of the recognition enzyme or generated coenzyme Le. NADH, and 
the electrode. The overpotential applied then acts to reoxidise the mediator, 
having already reoxidised the biological analyte.
Figure 17
n e Mediator (Ox.)
Mediator (Red.)
NADH Product
Ï Enzyme
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The practical complication of adding an extra reagent to the sample has been 
overcome by the development of modified electrodes.^
Chemically modified electrodes have a surface which has a redox mediator either 
adsorbed passively to the electrode surface or covalently bonded via a 
bifunctional linker such as a substituted silane. The rationale behind the use of 
such electrodes is that if a redox couple can oxidise NADH and can be retained at 
the surface of an electrode, then the resulting modified electrode will be able to 
selectively oxidise NADH and reoxidation of the mediator effected by the 
electrode potential.
Figure 18
_ ©
— ^R e^
NADHn e
NAD
This is particularly advantageous when the mediator requires a low formal 
potential for reoxidation as interference from the oxidation of other analytes is 
reduced.
To be successful, the chosen mediator should fulfil a number of criteria, namely:
• Rapid reaction with NADH
• Exhibit reversible heterogeneous kinetics
• Low overpotential required for reoxidation
• pH independence
• Stable in both the oxidised and reduced forms (including aerobic stabihty)
• Low toxicity
A vast array of modified surfaces have been prepared based upon species such as 
quinones and hydroquinones;*^ tetrathiafulvene;^ methyl phenazinium salts;
29
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and redox dyes such as certain viologen,^ phenoxazines and phenothiazine 
dyes.^
An elegant example of how enzyme cycling and chemical mediators can combine 
to provide a sensitive assay system for NADH or NADPH dependant 
dehydrogenase substrates has been recently reported for the detection of L- 
phenylalanine. Three enzymic systems and a mediator of low formal potential 
(560mV versus SCE) form the basis of this biocatalytic recycling system/®
Figure 19
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A well documented example of electrode modification is the use of a ferrocene- 
coupled electrodes. Ferrocene and ferricyanide have for some time been used for 
personal blood glucose monitoring^^ and more recently in the detection of low 
levels of dithiocarbamate fungicides in biological samples.^^ Ferrocene is a 
transition metal x-arene complex which consists of an iron atom sandwiched 
between two cyclopentadienyl rings, the physical and chemical properties of 
which can be altered by substitution in either or both of the aryl rings. The 
oxidised mediator, ferricinium ion, is electrochemically generated by a low 
formal potential (220mV versus Ag/AgCl), which can then oxidise the analyte. For 
NAD(P)H detection Le. for direct analysis or for substrates requiring NAD(P)^- 
dependant dehydrogenases, electron transfer is facihtated by an enzyme, either
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lipoam ide dehydrogenase (diapborase) or glutathione reductase, bound to the 
electrode.
Figure 20
2 Fe(cp)z
2 Fe(cp)z
NADH
NAD
Alternative metaUic mediators have been studied where the metal complex, often 
Ruthenium, is embedded directly onto a carbon electrode or in a polymeric 
matrix bound to the electrode. NADH oxidation occurs, again via enzymic 
facihtation, and electrochemical reoxidation of the metal is manifested as 
measurable current.
Modified electrodes utihsing highly conducting "organic metals” are known to 
detect NADH via reoxidation. Based upon stable charge transfer complexes 
formed by the partial transfer of an electron from a donor such as tetrathia- 
fulvene (TTF) (34) or N-methylphenazinium cation (NMP^) (35) to an acceptor 
such as 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) (36), Le. TFF^.TCNQ or 
NMP^.TCNQ . Such donor-acceptor complexes have a high conductivity and are 
essentially metalhc at room temperature.^^
Figure 21
X
(34)
NC
(36)
CN
N-Methylphenazinium salts have proved to be extremely important in the 
development of chemically modified electrodes as both a m e d i a t o r , a n d  as a 
non-enzymic electron transfer agent from NAD(P)H to the electrode-bound
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mediator. The substantial role these salts play in the detection of NAD(P)H in 
general will be addressed later in this chapter.
Whilst the majorily of amperometric sensors uühse NADH as an electroactive 
intermediate for the quantitation of some other bioanalyte, few sensors exist 
specifically for the detection of NAD(P)H itself. Two electrochemical switch 
systems have been reported the first by Masue e t aî., is based on an electrode 
coated with a polymer containing the enzyme diaphorase and a solution 
containing anthraquinone-2-sulphonate as a mediator.^^ The enzyme catalyses 
the reduction of the anthraquinone by NAD(P)H allowing measurable reoxidation 
at the electrode.
The second, more recent, study reports the use of a non-enzymic system whereby 
the electrode is coated with an electroactive polymer, poly(aniline)- 
poly{vinylsulphonate) (PANI-PVS). No additional mediator is required because 
the PANI-PVS itself acts as an effective catalyst for NAD(P)H oxidation, and 
reoxidation of the reduced (conducting) form of the poly(anüine) by the electrode 
is thus quantifiable by the decrease in current.^®
O ptical D etection U tilising th e  R eduction of Tétrazolium  Salts
Of the optical detection methods available for the analysis of NAD(P)H 
colourimetry is by-far the most well studied and documented. Most of 
histochemical and bioassay systems in use today for the determination of 
NAD(P)H levels are based upon the reduction of 2H4etrazolium salts (37) to the 
corresponding formazan (38), deeply coloured azohydrazone compounds.
Figure 22
/R ' fN—N N—NH
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Known for over one hundred y e a r s t h i s  versatile redox couple can act as a 
proton acceptor or oxidant; and over the past fifty years has been exploited by 
biochemists as a means of observing, visually, enzymic and non-enzymic redox 
processes. A number of extensive reviews have been written on the chemistiy 
and application of tétrazolium salts and their formazan reduction products, the 
most pertinent to the fields of bioassay and histochemistry are by Pearse,^® 
Altman^^ and Siedler.®°
Due to the two double bonds in the formazan structure, four geometric isomers 
can be formed upon reduction (C=N, syn-anti and N=N cis-tran^ each with 
different physical properties. The form most used for biological and 
histochemical work is the trans-syn (or "red’' formazan) (39) form which is 
characterised by a strong intramolecular hydrogen bond between N-1 and N-5. 
forming a six membered chelate with a planar arrangement.
Figure 23
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The vast majority of tétrazolium salts in use today have aryl or heteroaryl 
substituents in the N-1 and N-5 positions (R” and R’ respectively). The choice of 
substituents on the tetrazohum ring, particularly at C-3 (substituent R) 
determines the structural form of the formazan. when R is H or a halogen the 
trans-anti (or "yellow’' formazan) (40) only is formed; when R is methyl or ethyl
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either the "red” ox "yellow” ioxvas are possible depending on the reduction 
conditions; when R is bulky {e.g. t-butyl) or an electron rich group such as aryl or 
heteroaryl only the "red” form is obtained. The C-3 aryl substituent serves to 
stabilise the hydrogen bond.®’^ Two electronic structures can be drawn for (39) 
giving a resonance hybrid structure which can be thought of as a "quasiaromatic” 
six membered ring stabilised by mesomerism.
Figure 24
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In addition to mono-tetrazolium salts, di- and tri-tetrazolium salts are frequently 
used, usually as the coupled nitrogen salts (N-N’-salts). A well documented 
example of a di-tetrazolium salt used for bioassay purposes is 2,2’-di-/> 
nitrophenyl-3,5-diphenyl-3,3'- (3,3’-dimethoxy-4,4'-biphenylene)- bistetrazolium 
chloride (also known as nitro blue tetrazolium (NET)) (43)-“  The corresponding 
fat soluble formazan has a strong affinity for proteins and an intense visible 
absorption due to the highly conjugated nature of the corresponding formazan; 
thus providing a reagent with a broad dynamic range.
Figure 25
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The use of di-tetrazoliums sometimes causes a multiplicity of reaction products 
with reduction of only one tetrazolium moiety to give a partially reduced half- 
formazan species (45) {Figure 26i. The formation of such species is dependent on
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the deducibility of the tetrazohum species, pH and the strength of the reducing 
species. Tetrazohums of low reducibihty often give the half-formazan product, 
whereas di-tetrazohums of high reducibihty such as (43) produce unstable half- 
formazans as intermediates and are rarely observed.®^
Figure 26
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As aUuded to earher, the use of tetrazohum salts as biochemical assay reagents 
rehes on the biochemical reduction to the formazan. Tetrazohum salts can 
intercept electrons within a biological redox pathway by acting as a substitute for 
the natural final electron acceptor: oxygen. Hence, furnishing a visual response 
to such processes.
The mechanism of tetrazohum reduction has been weU studied and documented. 
It is thought that the reduction is a stepwise process occurring through a 
tetrazohnyl radical intermediate (47) formed via the acceptance of one electron 
from the reducing species. ^  ™
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This one electron mechanism negates direct reduction by the acknowledged two 
electron donating properties of NAD(P)H, hence the need for an electron transfer 
mediator.
In the vast majority of cases reduction is effected in the presence of an enzyme, 
lipoamide dehydrogenase (diaphorase),®^ sometimes referred to as tetrazolium 
reductase; although a number of non-enzymic applications have been reported. 
Phenazinium methosulphate (PMS^) (48) is the most vtddely used and extensively 
studied chemical mediator for the reduction of tetrazolium salts by NAD(P)H.®^  
Figure 27
CH3SO3
Given that the superoxide radical anion (O2*-) is known to reduce tetrazohum 
salts it was originaUy thought that the "catalytic" role of PMS^ was to generate 
the radical species through autoxidation of the reduced mediator.®^ Work carried 
out by Greci e t a l, in 1993 demonstrated that the reduced 5.10-dihydro-5- 
methylphenazine species (49) does not generate the superoxide radical anion. It 
was postulated that any observed tetrazinoyl radicals are the result of a one- 
electron transfer process from the reduced mediator (49) to the corresponding 
tetrazohum cation.®® The net reaction is, however, one of tetrazohum reduction 
by the reduced PMSH species (49) (scheme 9).
NADH
Formazan Tetrazohum salt
Schem e 9
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The application of both enzymic and non-enzymic tetrazolium systems is vast 
and a range of bioanalytes detectable, such as uric acid in blood serum, through 
quantitation of NAD(P)H produced during an enzyme catalysed oxidation.^
Figure 28. Schem e fo r a general tetrazohum  assay system
Analyte
Oxidised
Product
NAD
NADH
Reduced
Mediator e.g. PMSH ■Tetrazolium salt
Mediator e.g. PMS formazan
The PMS-tetrazohum capture assay is a widely used and versatile assay system; 
however, due to the inherent limitations of absorption spectrophotometry, the 
dynamic range will never be as great as for emission detection. The search for a 
fluorescent analogue has been fraught with problems, due largely to the 
abundance of lone pair containing nitrogen atoms which serve to drastically 
reduce the probability of formazan fluorescence. The nitro group, so valuable for 
improving the reducibihty and histochemical properties of the tetrazohum salt is 
weU known for quenching fluorescence.^ Attempts at synthesising dyes 
conjugated to fluorescent molecules have also proved problematic as it has been 
found that formazyl residues inserted into fluorophores have a quenching effect 
on the parent moiety.^^ Of the smaU number of fluorescent tetrazohum salts and 
formazans that do exist, most only fluoresce in the sohd state and thus have yet 
to be apphed successfuUy to assay conditions.
O ptical M ethods Em ploying Fluorescence D etection.
The major advantage fluorescence detection has over methods, such as 
colourimetry, is that the detection of emitted hght can be observed at a much 
lower level than absorbed hght Le. it is easier to detect a low level emission from 
a dark background than the reduction in high level transmitted hght due to 
absorption. The exploitation of such phenomena in the design of emissive
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molecular sensors has led to the development of a number of exquisitely 
sensitive detection systems, although surprising few exist for NAD(P)H.
An illustration of how a fluorescent end point can signal the existence of a 
profoundly low concentration of NADH is the work carried out by Self and Cook 
in 1993 on the determination alkaline phosphatase as part of an im m u n oassay  
study.^^
A method known as enzyme amplification acts by measuring the generation of a 
fluorescent product from a non-fluorescent moiety by a species generated by the 
substrate; the species in this case is NADH. Cychc regeneration of the NADH, via 
the oxidation of ethanol, means that for each mole of NADH generated and put 
into the cycle, ca. 600 moles of the non-fluorescent moiety is modified to the 
emissive product. The fluorescent dye used by Self and Cook was a heterocychc 
N-oxide, resazurin (^ee chapter 5), which when reduced by NADH in the presence 
of an enzymic mediator, diaphorase, affords a highly emissive product, resorufin; 
the appearance of which is then detected.
Figure 29
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The sensitivity of such a system is remarkable and has been shown to measure as 
little as one zeptomole (lO ^ Wole) of alkaline phosphatase.
Sensors based on both amperometric and emission detection have been reported 
for the detection of NADH through the use of electrodes coated with certain 
ruthenium complexes (i,e. tris (2,2’-bipyridine)ruthenium(II), Ru(bipy)g^^). 
Control of the electrode potential enables the generation of a reactive complex 
(Ru(bipy)g^^) which can react with the analyte to yield chemiluminescence 
emission from the excited Ru complex ([Ru(bipy)/^]*).^^
As is the case with sensors based on electrochemical processes mentioned earlier, 
the majority of systems for the detection of NADH rely on the electron transfer 
properties of the dihydropyridine as a measurable intermediate for the detection 
other bioanalytes. Quantitative molecular probes for the analysis of NAD(P)H are 
not common thus providing a niche for the development a new type of sensor 
system selective for the bioreductant.
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Development of a Fluorescent Detection System for NADH 
Utilising Resazurin and Phenazinium Methosulphate
of the existing assay systems available for the determination of NADH, the use of 
tetrazohum salts ranks as one of the most widely reported. Reduction of the dye 
by NADH or NADPH in the presence a catalyst or facihtator, either enzymic or 
non-enzymic such as phenazinium methosulphate, yields the corresponding 
formazan dye. Although such assays have been in use for many years and have 
proved convenient, they suffer from the inherent sensitivity problems of 
colourimetric analysis.
An alternative reducible substrate is an aromatic heterocychc N-oxide Resazurin 
(7-hydroxy-3H-phenoxazin-3-one 10-oxide, also referred to as RNO) (50). 
Reduction, via N-deoxygenation, affords Resorufin (7-hydroxy-3H-phenoxazin-3- 
one also referred to as RN) (51); a highly fluorescent product with a visible (pink) 
emission.
Figure 30
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Used by the dairy industry since the 1930s,^ resazurin has previously been 
apphed as the signalhng unit in a number of biological assay systems for enzymes 
such as dehydrogenases, which use NADH as a primary reducing agent in 
conjunction with an enzyme mediator.^ A more recent study, already mentioned 
in chapter 2, reports the use of resazurin in a process known as enzyme
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amplification as a means of allowing exquisite sensitivity, to ICT^ ^mol dm^ of 
alkaline phosphatase {see chapter 2, p . 3^^^
It is the similarity of both resazurin and the tetrazohums with respect to 
reduction by NADH which suggested that a non-enzymic mediator may allow 
reduction of resazurin. As alluded to earher, by I960 phenazinium 
methosulphate (48) had been shown to catalyse the reduction of tetrazolium dyes 
providing a non-enzymic alternative to assays based on these dyes.^
An investigation was set up in order to prove that resazurin can also be reduced 
non-enzymically in this manner; hence paving the way for a new assay system 
which can give a direct measure of NADH concentration {Le. not via enzyme 
amplification) which has a broad dynamic range due to the intrinsic sensitivity of 
fluorescence detection.
Normally used as the water soluble phenohc sodium salt, resazurin (50) has a 
strong absorption at 630nm but, when pure, is essentially non-fluorescent. 
Resorufin, however, exhibits a strong emission at 583nm when excited at 560nm. 
It is this switching on of fluorescent character upon reduction that makes the 
resazurin/resorufin system so appealing for selective molecular recognition. 
Figure 31. UV absorption spectra
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Figure 32. Em ission and Excitation Spectra o f Resazurin (50) and Resorufin (51)
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*(i) (31) (10^m ol dm'^) in O.lm ol dm^ HEPES buffered to pH  7, 583nm;
(U) (30) (Kf^mol dm^) in O.lm ol dm^ HEPES buffered to pH , 640nm;
(iii) (31) (ICf^mol dm^) in O .lm ol dm'^ HEPES buffered to pH  7. I ex 343nm,
(iv) (30) (10^m ol dni^) in O .lm ol dm^ HEPES buffered to pH  7; I ex 360nm
^(Emission and Excitation Slit Widths setatZnm )
±(The emission spectra for both RN (iii) and RNO (iv) show bands a t 343mn and 360nm  
respectively, due to Rayleigh scattering a t the ejccitation wavelength)
C oncentration Curve of Resorufin Em ission.
In order to quantify any formation of resorufin from the reduction process a 
basic concentration vs intensity plot is required. This allows determination of 
the resorufin concentration from the final intensity of the emission by cross 
referencing the plot. The emission spectra were recorded upon excitation at 
545nm.
The curve {Figure 33i, of emission intensity (at 583nm) Vs concentration of 
resorufin (51). represents a typical fluorescence vs concentration response: a 
linear increase which ’levels off at higher concentration. This effect is due to the 
limiting factor of photon concentration i.e. a finite amount of light energy is put
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into the system, above a certain concentration there is a restriction of 
fluorescence emission due to the limited light energy available for excitation. 
Table 2
Vol. RN (51) in 2ml 
Buffer ( i^l) Cone. RN (51) (10* mol dm ’)
Intensity @ 
583nm
5 2.5 796.8
2.5 1.25 517.2
1.25 0.625 289.0
0.625 0.313 151.9
0.3135 0.156 70.7
0.156 0.078 33.8
0.078 0.039 16.5
0.039 0.020 8.4
0.020 0.010 4.7
Figure. 33
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Effect of Oxygen Q uenching on Resorufin Fluorescence.
In many cases molecular oxygen has a quenching effect on fluorescence through 
energy transfer and generation of excited singlet state oxygen {cf. singlet oxygen 
sensitisation; see chapter 5. page Sâj. It was decided to carry out a simple 
qualitative investigation into the effect dissolved oxygen has on resorufin 
emission. The emission spectrum of resorufin (1.56xlO'^mol dm^) in HEPES (10" 
^mol dm'^) buffered to pH 7.5 was recorded. Purging the solution with argon gas 
for 5min, to displace the dissolved oxygen, and recording the emission spectrum 
showed a two-fold increase in emission intensity. Repeat experiments with argon 
purging for 10 and 15 min also showed a two-fold increase in emission {Figure 
34).
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Table 3
Time Ar bubbled through (t) Intensity @ 583nm
0 63.2
5 130.0
10 133.6
15 133.4
Figure 34
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For practical purposes this result has hmited relevance for a number of reasons: 
an assumption can be made that all of the solutions contain the same amount of 
dissolved oxygen, including those used in setting up the cahbration curve; hence 
the quenching effect is cancelled out when quantifying the results as 
concentration of resorufin. In the longer term, if the system were to be adopted 
as an assay system for the condition would need to be user friendly' and not 
involve lengthy deoxygenation process. Furthermore, it has been shown that 
under anaerobic conditions resazurin is extremely photosensitive in HEPES 
buffer probably due to that fact that piperazine buffers readily participate in free 
radical generating systems.^ Although photosensitivity experiments showed no 
decomposition in aerobic systems, the stock solution were stored in the dark at 
4°C to minimise the risk of any side reaction.
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The above result shows that although it is useful to know that oxygen quenching 
is significant with regard to the emission intensity, it is not prohibitive and can 
easily be accounted for.
Reduction of Resazurin by NADH.
Initial studies show that mixing NADH (1) (IxKT'mol dm^) with resazurin (50) 
(5x1 D'émoi dm^) in HEPES buffered to pH 7 5 does nof result in reduction to the 
product resorufin {Scheme lOi. A repeat experiment carried out under the same 
concentration regime in the presence of phenazinium methosulphate (48) (1x10* 
^mol dm^) resulted in rapid, virtually instantaneous, reduction to the highly 
fluorescent resorufin (51) {Scheme 1Î).
NADH NAD^
RNO --------------------  ► RN
(50) (51)
Schem e 10
NADH NAD^
V j M S ^RNO -^ ------------- ► RN
(50) (51)
Schem e 11
A study of the reduction using the time drive function of the fluorimeter allowed 
the reaction to be monitored over time by measuring the intensity of emission at 
583nm (X^ , 545nm) (A.^  ^Em of resorufin) {N.B. all sUt widths were set at 5nm). 
Figure 3 5 shows the time drive plot upon addition, at 40s, of NADH to a solution 
of resazurin and PMS^ at pH 7.5; note the rapid increase in resorufin 
concentration as the reductant is added.
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Figure 35
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C alibration Curve of Resazurin Reduction by NADH.
A calibration curve was plotted whereby the concentration of NADH was varied 
whilst keeping the concentrations of PMS^ and resazurin constant. If such a 
system is to be used for assay purposes there has to be a suitable protocol and 
reference plot against which the level of emission can be commuted to a 
concentration value. The spectra were recorded as time drive plots and in all 
cases the reaction had finished within 5min {i.e. a constant emission reading), 
hence the protocol called for measurement of the emission at 300s. The 
concentrations of PMS^ and resazurin were the same as in previous experiments: 
IxlO^mol dm^ and 5x10  ^mol dm^ respectively. The reaction was carried out in 
IxlO'^mol dm^ HEPES buffered to pH 7.5 . Given that biological concentration of 
NADH is of the order of IxlO^mol dm^ the range of NADH concentration was set 
accordingly.
Table. 4
[PMS+]
(xlO mol dm'5)
[RNO]
(xlO mol dm‘5)
[NADH] 
(xlO mol dm"5)
Intensity  
@ 583nm; 
@ t= 5m in s
Ratio
PMS:NAD
H
1.0 5.0 0.5 235 2:1
1.0 5.0 1.0 38.0 1:1
1.0 5.0 2.0 72.6 1:2
1.0 5.0 3.0 103.5 1:3
1.0 5.0 4.0 121.8 1:4
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Figure 36
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The plot clearly shows an almost linear increase in intensity against NADH 
concentration corresponding to the extent of resazurin reduction {Figure 36\. 
This result proves that we have a system that is capable of determining, 
quantitatively, NADH concentration by means of fluorimetry without using an 
enzymic catalyst.
N ature of th e  Catalytic Species.
The system is dependent on the order of addition of the three components. 
Addition of NADH to a mixture of PMS^ and the dye, or alternatively, addition of 
the PMS^ to the dye and NADH yielded comparable positive results. However, 
when the dye was added to a mixture of PMS^ and NADH no reduction to 
resorufin was observed. The result suggests that it is a metastable reactive 
intermediate, formed by reaction of PMS^ with NADH, which facilitates reduction 
of the dye This reactive species is then rapidly converted to an inactive species.
Reduction of PMS^ by NADH results in the formation of a reduced or hydro' PMS 
(49) moiety via a one step hydride transfer reaction. Under aerobic conditions 
the PMSH can undergo a homolyüc transformation to the radical (52) or radical 
cation (53) intermediates, either by autoxidation or comproportionation with 
PMS^, depending on the pH of the system.^^
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CH3 SO4 '
,N +
(53)
Schem e 12
A number of studies into the nature and spectral properties of these species as a 
function a pH have been reported.^®' ®® A stopped-flow spectrophotometry study 
into the reduction of PMS^ by NADH showed that under anaerobic conditions, at 
pH 7.4, none of the semiquinone radical or radical cation is observed; however, 
the spectral data shows the probable existence of a PMS^/PMSH complex. The 
same study carried out under aerobic conditions found that while PMS^ acts as a 
mediator for oxygenation of NADH, the process is in fact catalytic as PMS^ is 
regenerated from PMSH by autoxidation. In this case aerobic oxidation proceeds 
via a one electron transfer from PMSH to molecular oxygen producing the 
superoxide anion, which often results in the formation of hydroperoxy and 
hydroxy radicals.^^
By monitoring the absorbance band for PMS^ (386nm), over time using time 
drive methodology, an initial disappearance followed by regeneration of 
absorbance was observed {Figure 37). This corresponds with the reported results 
suggesting that PMS^ is in fact catalytic due to autoxidation of the reduced 
product.
Figure 37
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Resazurin Reduction.
An independent study on the reduction of resazurin showed that a number of 
radiolytically generated species allow one electron transfer to the dye.’  ^ It was 
proved that the semi-reduced radical intermediate (54) undergoes 
disproportionation to the original N-oxide and the reduced dye, resorufin. The 
study also showed that whilst reduction occurred in the presence of hydroxyl 
radicals, superoxide itself did not reduce the N-oxide.
NaO
Schem e 13
This study indicated a strong link between radicals and resazurin reduction; 
hence, a series of experiments were set up to investigate the reducing power of 
the PMS^ radical intermediates and to find evidence that these species are central 
in the reduction of resazurin by NADH.
M echanistic S tudies on th e  Reduction o f Resazurin by PMS'*' Radical 
In term ed iates.
The study into the effect of the PMS^ radicals on resazurin utilised a technique 
known as Pulse Radiolysis.
Pulse Radiolysis is a powerful tool for the study of transient moieties such as 
radicals and excited state species. These species are generated via electronic 
excitation of the ground state molecules using pulses of high energy radiation 
from a fixed source (such as a ®°Co y-radiation source). In most cases the short 
lived intermediates are monitored over time spectrophotometrically; although 
experimental modifications allow monitoring by, for example, 
spectrofluorimetry. Time related spectra allow reaction kinetics to be calculated
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and investigated. Often the transient species and the original molecule have 
overlapping spectra, in such cases, a difference spectrum  is obtained, in which 
the spectra are subtracted.
When dealing with radical ions the polarity of the solvent used is very important. 
More polar solvents can support much higher concentrations of radicals than can 
non-polar solvents. The solvent used in our investigation was water, which 
although polar and suitable for this kind of work, is capable of producing three 
different primary radicals upon irradiation: e ' O H ’ (oxidising) and H* 
(reducing); although the reducing hydrogen radical is far too unstable to ever 
exist in solution. Given that it is a reducing radical that is required for the 
subsequent generation of the PMS’  ^ radical, the concentration of this type of 
primary radical must be maximised. This is achieved by using a solution with a 
high concentration of formate ion (in the form of sodium formate) which has 
been saturated with nitrous oxide. The e"(,q, reacts with nitrous oxide to produce 
OH#, the formate then reacts with the oxidising hydroxyl radical to form the 
reducing species COg’ . It is also theoretically possible for formate to react with a 
hydrogen radical, if present, to generate the formate radical. The end result is a 
relatively high concentration of a standard solvated reducing radical (COg’ ). This 
formate radical anion, although less powerful than e^ q^), is the primary reducing 
radical species used.
N2O + H^ 4- e' (aq) ► N2 +  OH’
Equation 11
HCOO" + OH --------► H2O + CO2
Equation 12
HCOO' +  h ‘  ► Hz + CO’z
Equation 13
D eterm ination  o f th e  pKa of th e  PMS^ radical.
Although the pKa for PMSH*  ^ (53) has been reported previously, conflicting 
values of 6.8 °^° and 5.7^ °^  suggest that there are certain complexities of the system
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which have previously not been accounted for and which may be answered by 
using pulse radiolysis.
Following pulse radiolysis of an aqueous formate solution of PMS^ saturated with 
nitrous oxide, the formate radical was found to reduce the heterocycle rapidly to 
afford the radical. Radiolysis was carried out under both acidic (pH 5 0) and basic 
(pH 9 5) conditions to generate the protonated (PMSH* )^ and non-protonated 
(PMS*) radical moieties.
CO*2 + PMS^ CO2 + PMS
Equation 14
PMS 4-H" PMSH • +
Equation 15
The difference spectra of both species were plotted after individual absorbances, 
measured at a specific wavelength, were recorded 30ps after the pulse {Figure 
Automatic calculation of the difference absorbance was undertaken by the in- 
house software apphcations at the Gray lab.
Figure 38.
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The protonated PMSH*  ^ (53) radical formed under acidic conditions was found to 
be stable over a period of hours and is unaffected by the presence of the starting
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PMS^. The non-protonated PMS* (52), however, formed under basic conditions, 
was found to undergo a pseudoiixst order decomposition reaction in which the 
rate was dependent on the concentration of the parent compound (PMS^).
A series of rate studies were kindly carried out by Dr Luis Candeias at the Gray 
Lab using specialist in-house software. The observed rates of reaction were 
calculated to be kob»»7xlO  ^mol dm^ s'^  at [PMS^] = 100pM and kobs»^ 3xl(X’ mol dm^ 
s'^  at [PMS^] = lmM. Upon radiolysis of the latter, more concentrated, solution 
the spectrum recorded at 120ps differed to that recorded at 30ps. At 120ps a new 
absorption band at 710nm is observed suggesting the formation of a complex 
between the PMS* radical and the parent compound.
PMS + PMS" ^ ^  [PMS-PMS'^]
Equation 16
Having established that pH 5-0 and 9 5 are suitable boundary values for the 
existence of the protonated and non-protonated radical species, a variable pH 
study was set up in order to ascertain the pKa of PMSH*. The non-protonated 
PMS* shows an absorbance band at 5&0nm, prior to formation of the complex; by 
monitoring the absorbance, at 30ps after the pulse, at different pH a standard pH 
curve can be constructed {Figure 5 ^ .
Figure 39
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The plot gave the value pKa=7.72 ± 0.04 (at room temperature and ionic strength 
» O.IM), which is considerably higher than the antecedent reported values. This 
result, together with the information gleaned on the protonation equihbria and 
[PMS*«PMS^] complex formation, strongly suggests that the aforementioned 
values, obtained using standard methods, were calculated after the formation of 
the complex and are thus dependent on the concentration of PMS^.
Reaction of PMS Radicals w ith  Resazurin.
Given the evidence for the existence of the PMS radicals (either protonated or 
non-protonated) and, more importantly, evidence for the generation of these 
species by hydride transfer from NADH; a study was carried out to ascertain 
whether these radical intermediates are in fact the reducing species of the N- 
oxide, resazurin.
A solution of resazurin (IxKX^mol dm^) was treated with formate radical under 
pulse radiolysis conditions and the absorption spectrum of the N-oxide 
monitored over time (resazurin 630nm). The time drive plot shows an initial 
bleaching of the dye followed by partial recovery of absorbance, following second 
order kinetics {Figure 40 .^
Figure 40
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This observation can be assigned to the reduction of resazurin to its radical via a 
rapid one electron transfer {equation 17), followed by disproportionation to
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afford the reduced dye resorufin and the regenerated the N-oxide {equation iS i. 
This result corresponds with the work reported by Prutz e t a l on the interaction 
of radicals with resazurin.
RNO + CO2* RNO* ■+ CO2
Equation 17
2 RNO*' + 2  ► RN + RNO + H2O
Equation 18
A stopped flow study was carried out whereby PMS^ was added to the resazurin 
radical anion, at pH 5-0. The spectral data of the reaction mixture showed the 
generation of the PMS radical cation, PMSH* ,^ and the regeneration of resazurin; 
thus indicating that the stable species PMSH*  ^ is tbennodynam ically not able to 
reduce resazurin.
A second stopped flow study was carried out where PMSH* ,^ generated 
radiolytically at pH 5.0, was added to a 5-fold excess of resazurin. The reaction 
was monitored using both absorption spectrophotometry {Figure 4 1 - 1  scan/sec 
over 160 seà  ^ and time drive fluorimetry, looking at the increase in emisson due 
to resorufin 583nm; 5A5um) {Figure 42).
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Under these modified conditions a slow reduction of resazurin to resorufin was 
shown to occur, by observing the decay in absorbance at 430nm (PMSH* )^ and 
630nm (resazurin) (Figure. 41h and by recording the generation of resorufin as an 
increase in fluorescence emission at 5S3nm (excitation545nm) (Figure 42).
A further stopped flow study was carried out at pH 9*5. where pulse radiolysis of 
PMS^ generates predominantly PMS*. The absorbance spectra results were 
similar to those obtained in the study at pH 5.0, where absorption bands at 
580nm (PMS*) and 630nm (resazurin) were seen to diminish as they react over 
time {Figure 4 3 -1  scan/sec over 160 seà^.
Figure 43
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The time related fluorescence plot {Figure 44) again showed the generation of 
resorufin (1^ ,^ 583nm; 545nm), although the final intensity was less than that
obtained at pH 5.0 due to complexation of the PMS* with PMS^ removing a 
portion of the reducing radical species form the system.
Proposed M echanism  of Reduction.
From the results and data a fairly clear picture has emerged on how the reduction 
of resazurin is effected using NADH and PMS^.
The results correspond with those previously reported indicating that it is the 
resazurin radical anion which is the key intermediate. Disproportionation of this 
species affords, irreversibly, the reduced, fluorescent, resorufin. It is the 
generation of this moiety that requires that requires the electron transfer agent, 
PMS+.
It has been shown that two electron reduction of PMS^ takes place in the 
presence of NADH, via hydride transfer, to afford the semiquinone PMSH. It is 
thought that under conditions used for the reduction. Le. biological pH (7.5) and 
aerobic media, the reduced PMSH and the starting PMS^ comproporüonate to 
afford a radical species. The results show that the non-protonated PMS",
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although capable of electron transfer to resazurin to yield the key radical 
intermediate, is unstable and rapidly forms an inactive complex, most hkely with 
PMS^. The protonated radical, on the other hand, is stable over the time frame of 
analysis but has been shown not generate the resazurin radical.
It is the stability of the protonated form and the irreversibility of the final 
disproportionation which drives the reaction forward. As the PMS* reacts to form 
the resazurin radical anion, it is converted to PMS^, and is thus removed from the 
equilibrium. Hence a steady source of PMS* is constantly being produced to 
transfer an electron to resazurin before complexation with PMS^ can occur, i.e. 
the equilibrium is being forced forward {Figure 49i- 
Figure 45
PMSH'^ -  PMS* PMS^
H^
RNO*'RNO
This corresponds with the results of a fluorescence study carried out to 
investigate the effect of pH on the yield of resorufin; whereby time drive spectra 
were obtained and the emission intensity recorded after lOmin It was found that 
at pH 7 5, reduction occurred rapidly to give a final percentage yield of resorufin 
of 25%. The study showed the optimum pH to be 6.45, where the reaction 
showed nearly 95% reduction, although at a slower rate. Table 5  shows the 
intensity of resorufin emission after treatment of resazurin with NADH for 10 
min at a particular pH (/.e. initicd studies have shown very little reduction to take 
place after this time); and Figure show the observed pH plot.
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Table 5
pH Int. @ 583nm (after lOmin)
2.20" 0.00"
2.92" 0.00"
3.90" 5.3
4.94" 65.2
5.79' 167.6
598 ' 204.6
6.18" 235.2
6.42" 242.7
6.53' 229.9
6.79' 209.2
7.01" 188.1
7.24" 133.0
7.46" 60.7
7.47* 57.9
7.63* 31.2
7.86* 19.6
8.53* 12.6
9.52* 6.2
■* Buffered solutions made up using 0.2M N a^PO /O .lM  citric acid.
* Buffered solutions made up using 0.2M HyBO/0.2M KCÏ/0.2M NaOH. 
 ^Resazurin decomposition occurred.
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This fits well with the overall mechanism postulate. Given that the pKa of the 
PMS radical has been shown to be 7.72 ± 0,04, one would expect that the radical 
would exist predominantly in the PMS* form at biological pH. Hence, rapid 
reaction of the resazurin and disproportionation of the radical anion occurs. The 
yield hmiting factor at this pH is molecular diffusion because PMS* rapidly
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complexes with PMS^ thus removing the active species from the system and 
restricting the final yield.
At pH 6.45 the predominant species will be the stable but unreactive PMSH* ,^ the 
equihbrium between this and the non-protonated form is forced as the PMS* 
reacts and transfers an electron to the resazurin. As complexation does not occur 
with the protonated form the radical is in effect stored' in an inactive form and a 
constant supply of active radical intermediate allows for more of the resazurin 
radical anion to be produced. The slower rate is due to the rate limiting factor of 
the protonated/non-protonated equihbrium, although the vastly increased yield is 
due to continual and steady generation of first PMS* and secondly resazurin 
radical anion. The regenerated resazurin is then available for further reduction 
(N.B. hence excess PMS/NADH is required).
From the data obtained it is possible to summarise the overall reduction process 
{Figure 47) from which it can be seen that the role of the catalyst is to act as a 
one-electron transfer agent to resazurin.
Figure 47
NADH
PMSH ^
NAD
PMS + + PMSH
H
-----\
PMS PMS
RNO* RNRNO
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Riboflavin as an  Electron T ransfer Agent.
Riboflavin (55a), vitamin Bg, is a precursor to the enzyme coupled redox 
coenzymes Flavin M ononucleotide (FMN) (55b) and Flavin A denine D inucleotide 
(FAD) (55c). These cofactors are closely linked to NAD(P)^/NAD(P)H in biological 
systems as essential intermediary reagents in both oxidative phosphorylation 
(respiratory chain) {see chapter 1, p . 14} and biosynthesis (citric acid cycle) {see 
chapter 1, p . 16} respectively. FMN in particular shows certain parallels with the 
phenazinium as an electron transfer agent.
e
R
Oxidised (55)
O H  OH
e +H^
Me
Me N 'N 
R 
(56)
Me
Me XÎXI i
Reduced (57)
O H  
O H  O H
FMN, R=
O H
O H  O H
FAD, R =
O H
O H  OH
(c)
Schem e 14
As an integrated prosthetic group within the enzyme NADH-Q reductase (also 
known as NADH dehydrogenasé}, FMN is the point of entry of electrons into the 
respiratory chain accepting two-electrons from NADH to form FMNHg. Electrons 
are then transferred to a series of iron-sulphur complexes within the enzyme and 
on to ubiquinone (coenzyme-Q) {see chapter 1, p . /5).
Although the NADH is a two-electron transfer agent, both FMN and FAD can exist 
as a semiquinone radical intermediate either by acceptance of a single electron 
or, more often, by donation of one-electron by FMNHg. Reduction of the iron- 
sulphur complexes, existing as clusters containing one, two [2Fe-2S] or four [4Fe-
6 1
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4S] iron atoms, often occurs in discreet one-electron steps as the metal atoms are 
reduced from Fe^  ^ to Fe^^.^
FADHg, formed during the citric acid cycle, also exists as the semiquinone radical 
intermediate as it provides a second point of entry for electrons into the 
respiratory chain. Like its analogue, FMN/FMNHj, it is enzyme bound and 
transfers electrons from a metabohc source to ubiquinone via iron-sulphur 
complexes. Again, electron transfer is in one-electron steps via the flavinoid 
radical.^’
Resazurin Reduction using Riboflavin as th e  Electron T ransfer Catalyst.
Given the close relationship between NADH and the flavins a study, under 
identical conditions to those used for reduction using PM S\ was carried out 
using riboflavin as the electron transfer agent.
Addition of NADH (IxKT'mol dm^) to a solution containing resazurin (5xlO'^mol 
dm'^) and riboflavin (IxlCT’mol dm^) resulted in reduction of the N-oxide to the 
fluorescent species resorufin. The time drive plot {Figure 4Sj shows that, under 
aerobic conditions and at pH 7.5» virtually quantitative yield of the reduced dye 
was obtained. Although the rate was somewhat slower than that seen for the 
phenazinium study.
Figure 48
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The quantitative yield suggests the electron donating species which generates the 
resazurin radical anion is stable and can therefore continue reduction of any
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resazurin regenerated from disproportionation. Extrapolating existing 
information on the reductive action of flavin coenzymes, it is suggested that the 
reducing species is either the fully reduced riboflavin or the partially reduced 
semiquinone radical. Transfer of an electron affords the resazurin radical; a 
process analogous to the reduction of the iron-sulphur clusters in NADH-Q 
reductase.
Given that the hydride transfer step is site specific and that the site of reduction 
is more hindered in riboflavin than in PMS^, it is hkely that the slower rate of 
reaction is due to the of initial reduction of riboflavin by NADH being the rate 
limiting step.
A study carried out to establish the effect of pH on reduction using riboflavin 
found that although the yield of resorufin was poor at low pH, at pH 7.5 and 
above an almost quantitative yield could be obtained, with reproducible results. 
At high pH, however, the rate of reaction was very slow, taking up to 30min to 
reach a constant intensity. The recorded maxima were taken from time drive 
plots 5S3nm, 545nm) at 40min; Le. where in each case consistent values 
indicated that the reaction had finished {table 6, Figure 
Table 6
pH Int @ 583nm (after 40min)
2.90" 0.00=
4.20" 15.2
4.88" 29.8
5.98" 121.4
6.20" 151.2
6.21" 156.4
6.98" 223.4
7.02" 224.3
7.39" 248.50
7.63^ 266.6
8.02'" 275.3
8.88^ 274.5
8.98^ 275.1
 ^Buffered solutions made up using 0.2M  N ajflPO/O.lM  citric acid.
* Buffered solutions made up using 0.2M  H ^O /0.2M  KC1/0.2M NaOH. 
^Resazurin decomposition occurred.
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This result suggests that the reducing species which generates the resazurin 
radical cation is the partially reduced semiquinone radical. At low pH the 
protonation forms the semiquinone radical cation (58) which, as with the 
phenazinium radical cation (53), does not reduce resazurin. At neutral and high 
pH the semiquinone exists in the unprotonated form, predominantly (56). This 
species is able to generate the resazurin radical anion for subsequent 
disproportionation. If the fully reduced riboflavin were the reducing species one 
would not expect the system to be so pH dependent.
H^
Me
Me
R
(56)
Schem e IS
A quantitative yield is obtained because the non-protonated radical is stable 
under basic conditions and does not undergo any side reaction which would 
remove it from the system.
NADH fully reduces the riboflavin via a two-electron reduction and the partially 
reduced semiquinone radical is generated, possibly via comproportionation type
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interaction between the oxidised and reduced riboflavin, similar to that 
postulated for the phenazinium (c£ two disimilar species coming together to 
form a transient complex and the transfer of one electron to form two identical 
species, Le reverse o f disproportionation). The semiquinone radical can then 
transfer an electron to resazurin generating the radical anion and the oxidised 
flavin. Again the irreversibility of the final disproportionation drives the reaction 
forward.
The slower rate of reaction at higher pH is probably due to a compromised rate of 
riboflavin reduction by NADH. This step requires the presence of a proton in 
addition to the two electrons donated by NADH; hence the low H^ concentration 
under basic conditions adversely affects the overall rate.
Figure ^ 0
NADH NAD^
Me.Me, NHNH
MeMe'
(57)
Me Me.NH NH
Me MeRN RNO
(56) (58)
The success of riboflavin as a mediator in the reduction of resazurin is extremely 
interesting. The literature abounds with reports on the reaction of NAD(P)H and 
enzyme bound flavins, unsurprising given their related biological functions. Of 
the reports dealing with riboflavin and NAD(P)H all involve enzymic mediation. 
This appears to be the first reported case of riboflavin reacting with NADH 
directly.
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Sum m ary
• These studies have shown that it is possible to reduce resazurin by NADH by 
the introduction of a non-enzymic electron transfer catalyst. Both PMS^ and 
riboflavin have proved to be suitable reagents to promote reduction.
• The evidence accrued on the nature of the reducing species and the 
mechanism of resazurin reduction suggest that the reaction is driven by the 
irreversibility of the final disproportionation of the resazurin radical anion to 
yield the reduced product resorufin.
• Two-electron reduction of the catalyst by NADH results in comproportionation 
of the reduced and non-reduced heterocycles to afford a radical species. It is 
the stability of this species which is key to the overall efficiency of the 
reduction. The PMS radical although the reactive species which reduces the 
resazurin, is unstable and forms an inactive complex with the unreduced 
parent compound. The protonated radical cation has been shown not to 
promote reduction; however due to the rapid reaction of the non-protonated 
radical with resazurin and the irreversibility of the disproportionation, the 
equihbrium is such that a constant supply of the reducing radical is made 
available.
• The riboflavin system is similar except that the reducing radical is stable and 
does not form an inactive complex. Comparison of the variable pH studies 
carried out for the two systems shows that whereas the PMS^ shows a 
decrease in efficiency at high pH, due to complex formation, the riboflavin 
system exhibits an increase in efficiency to an almost quantitative yield of 
reduced product. This is due to the stabihly of the reducing radical species 
under basic conditions.
F u tu re  W ork
• The results of the riboflavin system are very promising, due to the apparent 
novelty of the reaction and, more specifically, the increase in efficiency at
6 6
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biological pH. Further investigation to estabhsh the exact nature of the 
reducing species should be carried out using pulse radiolysis studies and the 
stopped flow apparatus made available for the PMS^ work.
• Now that it has been established that NADH concentration can be determined 
accurately using the PMS^ system, work should start on modifying the 
protocol conditions for microbiological assay purposes. The system is to be 
used as a measure of cellular vitality and viabiUty and a series of 
standardisation experiments need to be carried out to optimise parameters 
such as dosage levels and incubation time.
• There now exists the basis of a new assay system for NADH which is both 
sensitive and accurate. Development of its appMcation is now required so that 
biologists have another diagnostic tool at their disposal for the assessment of 
cellular activity.
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Chapter 4
Design and Synthesis of a Novel Fluorescent Probe for the 
Detection of NADH.
The mechanistic studies carried out on the use of phenazinium methosulphate 
(48) as a catalyst for electron transfer in the NADH reduction of resazurin (50) 
{chapter 5) had demonstrated that a dihydrophenazine intermediate (49) 
participated. It was considered that interception of such intermediates might be 
possible by release of a masked fluorophore. Thus reagents such as (59) were 
prepared (work of Dr N. L. Maidwell). NADH reduction produced a dihydro 
intermediate (60) but the preferred decomposition pathway was not release of 
the substituent X to give (63) {Scheme 16, path  a) but a competing redox process, 
involving aerial oxidation possibly producing (62) {Scheme 16, path  A). However, 
a small amount of the substituent X {e,g. methylumbeUiferone or 4-nitrophenol) 
was released, giving some credence to the idea.^ ®^
+ x
Me (61)NADH ^
pathMe
(59)
Me
(60)
Me (62)
Schem e 16
What was required was an alternative heterocyclic system that would interact 
with NADH to give an intermediate which is more stable with respect to electron 
donation (oxidation) and hence of sufficient hfetime to allow the release of the 
substituent Y {te. path a rather than path b- Schem e lâ i.
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Surprisingly few studies on the reduction of heterocyclic systems by NADH have 
been reported in the literature, so initially simpler analogues of the phenazinium 
salt were considered; hence the conjugation of a quinoxalinium moiety with an 
ethereally hnked fluorophore such as (63), which has proved a much more 
promising alternative.
Mechanistic studies carried out on reduction by NADH suggest that although 1,2 
addition of hydride is possible it is far more likely that 1,4 addition ensues. 
Rearrangement of the reduced conjugate (64) can then occur to displace a 
strategically placed leaving group.
[H]
NADH
‘N+
(63) (64) (65)
Schem e 17
The choice of substituent X was dependent on two factors; i) leaving group 
efficiency and; ii) the ability to detect the expelled group spectrofluorimetrically. 
7-Hydroxy-4-methylcoumarin (also known as 4-methylumbelhferone) (66) was 
selected and coupled via an ether link at the C-7 position. Methylumbelhferone 
satisfies both criteria in that it is a good leaving group, due to resonance 
stabilisation of the generated phenolate anion, and the free phenol exhibits a 
much stronger fluorescence emission than the alkylated ether analogue.
Figure S I
RO
R =  H (6 6 ) or alkyl
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The emission spectra obtained for free methylumbelhferone (66) and for the 
corresponding methyl ether (67) illustrate the contrasting emission maximum 
and relative intensity of the two analogues. The methyl ether was easily 
prepared via alkylation of the phenolate ion with methyl iodide.
1. 2MNaOH/MeCN
2. Mel
HO MeO
(67) (97%)
Schem e 19
When excited at 350nm methylumbelhferone (66) has an emission maximum at 
450nm with a relative intensity of 629.2 units at a concentration of lO'^mol dm^. 
At the same concentration (67) exhibits an emission maximum at 380nm with an 
intensity of roughly half that observed for (66) (292.4 units) upon excitation at 
320nm {Figure S2-spectrum  i).
Whilst prediction of fluorescence remains difficult, certain generahsations can be 
made as to the reasons for the observed hypsochromic shift and reduction in 
fluorescence intensity of the methyl ether with respect to the phenol {Figure 52- 
spectrum  2 .^ The mobihty of the % electrons and stabihsation of the excited state 
by resonance are important factors in enhanced fluorescence and the differences 
in the emission spectra are due, in part, to the degree of electron donation from 
the substituents.
At neutral pH (7.5) the phenolic methylumbelhferone is released partly as the 
phenolate anion, Le, pKa 7.8; and one expects to observe the fluorescence of the 
anion and n o t the phenol species. By changing the chemical nature of the 
coumarin from methoxy (or alkoxy) to the phenolate, the energies of both the 
ground state HOMO and the excited state (presumably the LÜMO) are altered. 
Fluorescence is encouraged both by a large absorption coefficient {Le. more Üght 
in results in a greater chance of hght out) and the probabihty of collapse of the 
excited state to the ground state (Sq). It can be postulated that without both OH 
and ethereal CH bonds, the phenolate species exhibits less vibrational
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deactivation and hence a greater probabihty of regeneration of the ground state 
via a radiative path. The hypsochromic shift observed in the emission spectrum 
of the methoxy derivative can be explained by a larger energy gap between the 
HOMO and the LÜMO than for the phenolate, resulting in higher energy, shorter 
wavelength emission.
The emission spectra were recorded at the respective excitation maxima as 
aqueous solutions via dissolution in MeCN and dilution to KX^mol dm^ with TRIS 
(lO'^mol dm^ buffered to pH 7.5).
Figure 52
Int.
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1.-— M ethylumbelhferone (66) (10^m ol dm^ in TRIS (lO^mol dm'^  a t pH  75):
(Iex 350nm; emission and excitation sh ts se t a t 2nm)
2.—  M ethyl ether derivative (67) (10^m ol dm^ in TRIS (10^m ol dm^ a t pH  75):
(Xg^  320nm: emission and excitation sh ts se t a t 2nm)
3.—  M ethylumbelliferone-quinoxalinium conjugate salt (80) (10^m ol dm'^  in TRIS(l0^mol dm'^  
at pH  75): 350nm: emission and excitation shts se t a t lOnm)
The conjugate salt of methylumbelliferone-quinoxalinium (80) is non-fluorescent 
{Figure 52- spectrum  5). As a result elimination of the free methylumbelhferone 
via NADH reduction is seen as a "switching on" of fluorescence. This "ah or 
nothing" response is probably due to internal quenching via a Pbotoinduced
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Electron Transfer mechanism {Figure53, A). The process involves donation 
of an electron, in this case most likely from a heterocychc nitrogen lone pair, to 
the HOMO left empty by excitation; thus preventing an emissive downward 
transition. A thermal back electron transfer process {Figure 53, B) then occurs 
where the excited electron occupying the LÜMO fills the empty orbital of the 
donor, hence providing a "self-repair” mechanism to counteract the formation of 
radical species.
Figure 53
LTJMO-
HOM O
Excited acceptor
HOM O
Donor
Back ETLÜMO
HOM O
i
HOMO
Acceptor radical anion Donor radical cation
Reduction of M odel Q uinoxalin ium  Salt (69) by NADH
In order to glean some information on the mechanism of reduction it was 
decided to react a model quinoxahne moiety, l,3*dimethylquinoxalinium iodide 
(69), with NADH and isolate the reduced product.
Studies have shown that méthylation of 2-methylquioxahne (68) with methyl 
iodide proceeds regioselectively, with >80% of the 1,3-dimethylquinoxalinium 
iodide (69) being formed.
Mel
(69) (82%)
Scheme 20
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Upon dropwise addition of (69) to an excess of NADH in TRIS buffer to pH 7.5 
and subsequent extraction into chloroform, reduction to a dihydro-quinoxaline 
product was observed. Although mechanistic studies on reduction by NADH 
predict the generation of the 1,4-dihydro isomer (70), °^  ^ it was in fact the 
tautomeric 1,2-dihydroquinoxaline (71) that was isolated. Given that (70) is 
formally anti-aromatic it is not surprising that tautomérisation to the more stable 
imine occurs via a 1,3 protatropic shift.
(70)(69)
Schem e 21
(71) (50%)
Parallels can be made with the phenazine system dealt with in chapter 3  
concerning the stability of the reduced species. Dihydrophenazine was too 
unstable to be isolated, again due to anti-aromaticity and also due to the lack of 
potentially more stable tautomeric forms. 1,2-Dihydroquinoxahne (71) is 
relatively stable, although decomposition to a range of highly coloured products 
occurs upon prolonged exposure to air. The ^H nmr spectrum is characterised by 
a distinctive singlet at 3-73 ppm corresponding to the methylene protons in the 
C-2 position.
Studies into the reduction of (69) with the chemical reducing agent sodium 
borohydride showed that reduction to (71) can be effected but an excess of 
reducing agent results in over reduction to the tetrahydroquinoxahne (72). None 
of this "over-reduced” product was observed upon reduction by NADH.
NaBH4 (4eq)
N+ I
Scheme 22
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Preparation  o f M ethylum belliferone-O uinoxalin ium  Conjugate Salt.
Condensation of 1,2-phenylenediamine (73) with methyl glyoxal (74) furnished 2- 
methylquinoxaline (68) in good yield. Bromination at the benzylic position was 
carried out using the selective benzylic brominating reagent N-bromosuccinimde 
(NBS) in the presence of a radical initiator (benzoyl peroxide). A mixture of 
mono (75)» di (76) and tri (77)-brominated products were formed; however, after 
a series of optimisation reactions it was found that reaction of (68) with 3 molar 
equivalents of NBS at 85°C for 5h afforded the highest yield of the desired 
monobromo product (75), at 65%. The reaction conditions and handling of (75) 
are critical due to the potential formation of highly coloured by-products, 
possibly charge transfer complexes. It was found that temperatures in excess of 
100°C promoted rapid decomposition and heating at 85°C for over 5h resulted in 
a compromised yield of (75). Immediate isolation by column chromatography 
was required to prevent the formation of a highly coloured, dark blue, tar which 
was insoluble in most solvents and from which no nmr spectrum could be 
acquired.
a N H z O .  ^  1- N aH S O j, H2O  /2.NaCO, NBS.BzOOBz,CCL,+ I --------------- ► I  ►NH2 O ^ ^  'N'
(73) (74) (68) (75) (65%)Br
Br
(76) (5%)
(77) (3%)
Schem e 23
Conjugation of the fluorophore to (75) was performed by a simple Williamson 
type éthérification via substitution of the halide by the methylumbelhferone 
phenolate anion. The sodium salt was prepared in 95% THF (aq), (66) added and 
the mixture heated to 85°C for I6h to afford the coupled product (78) as a
74
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colourless solid in good yield. Again the temperature m ust be carefully 
maintained to ensure successful reaction without decomposition of the starting 
bromide.
HO
(66)
1. NaOH (leg), THF
2. (75)
(78) (64%)
Schem e 24
N-Methylation of (78) was carried out using both methyl iodide and methyl 
trifluoromethane sulphonate. The methiodide salt (79) was obtained in poor 
yield from reaction with both neat methyl iodide and as a chloroform solution. 
The triflate salt (80), however, was furnished in good yield after stirring for 24h 
with 4 equivalents of methyl trifluoromethanesulphonate in chloroform and 
precipitation from dry ether.
(78)
MeX
Schem e 25
(79) (11%) 
X =  CF3SO3 (80) (83%)
X =  I
The triflate salt (80) is stable to hydrolysis, although poor solubility in aqueous 
solutions has meant that prior dissolution in methanol and dilution with buffer 
is required for stock solution preparation. This solution , when kept in the dark, 
was shown to remain free from the fluorescent unmasked phenol (66) for over 
72h at room temperature. Hence, with confidence that any release of (66) is not 
due to spontaneous cleavage, it was decided to use (80) for the reduction studies 
with NADH.
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Reaction of M asked F luorescent Probe (80) w ith  NADH
Initial studies carried out on a 1 D'émoi dm ^  solution of (80) in TRIS buffered to 
pH 7.5 showed methylumbelhferone (66) to be released, both quahtatively by tic 
and fluorimetrically, upon treatment with a ten-fold excess of NADH. However, 
the low concentration, chosen to keep the intense fluorescent signal of the 
released fluorophore within the detection hmits, resulted in an extremely slow 
reaction which achieved only 35% of the expected intensity for full unmasking 
after 24h. It was decided to perform the reduction at 100 times the 
concentration, i.e. (80) at lO^mol dm^ and NADH at ICt^mol dm'’, and dilute 
ahquots a hundred fold for analysis over time. The emission spectra of the 
diluted reaction mixture were recorded every 2min for 26min {Figure ^ 4^,
Figure 54
400-
Int.
100 •
-1.3 600360 500 690450400 590
Wave length (nm)
When plotted against time it is clear to see an initial steady rate followed by a 
levelling off or slowing of reaction {Figure 55). The results show that within 
15min (900s) the reaction had more or less reached completion giving a final 
intensity of 489.8 units; an apparent release of 78% when compared to the 
expected intensity for (66) at 10*^mol dm ’ (629.2 units- see Figure 52).
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Excitation of a lO^mol dm^ solution of (80), at 350nm, produces an emission 
intensity at 450nm of less than 15 units; very low when compared with free 
methylumbelhferone (66) which at the same concentration emits at 450nm with 
an intensity of over 600 units (see Figure 52^. Emission at 450nm due to NADH 
is also very low at less than 10 units for a lO^mol dm^ solution. Hence at the 
working concentrations interference emission is minimal.
There is evidence that NADH acts as a quencher of methylumbelhferone 
fluorescence. A fluorescence study of the reduction of (80) at high concentration 
(lO^mol dm^ (80) and lO’^ mol dm^ NADH), without dilution, showed a lower 
than expected emission signal. Two fold dilution of the solution, and thus 
NADH, resulted in an enhanced signal. It is not certain whether this is a true 
quenching effect or a more trivial absorption effect; however, the protocol of 
reaction at high concentration and dilution for analysis is not affected by this 
phenomenon.
Proposed M echanism  of F luorophore Expulsion from  Conjugate (80)
Given the evidence for the release of methylumbelhferone from (80) upon NADH 
reduction, it was decided to monitor the reduction using nmr. Extraction of the 
aqueous reaction mixture into deuterated chloroform after 5min gave a crude 
nmr spectrum containing two distinguishable components: free
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methylumbeUiferone (66). 1.2-dihydroquinoxahne (83). The strong mechanistic 
data supporting 1,4-reduction implies that cleavage of the ether bond and 
elimination of methylumbelhferone (66) occurs via the 1,4-dihydroquinoxaline 
conjugate (81). The tautomeric 1,2-isomer (84), which would not lead to 
elimination directly, has not been observed and it is suggested that the release of 
the fluorophore is irreversible and proceeds more quickly than tautomérisation. 
The reduced quinoxalinium salt (65). formed from elimination of (66), rapidly 
tautomerises to (82) which can undergo a second NADH reduction step to afford 
the observed imine (83) {Scheme 26}.
O 'O  NADH
CF3 SO3
NADH
O
Efficiency of M ethylum beU iferone (66) Release
A larger scale reduction was set up in order to quantitatively isolate the released 
methylumbelhferone. FoUowing the same concentration regime as for the 
fluorimetric study, l.OOg of (80) was reacted with a ten-fold excess of NADH in 
TRIS buffered to pH 7.6. The products were extracted into chloroform and 
separated by column chromatography to yield 0.3253g of the pure 
methylumbelhferone (66), indicating at least SÇ% release. Two further repeat
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experiments carried out to validate the result gave the percentage release as 85% 
and 92%. Accounting for loss through work up and purification, it can be 
assumed that the reduction and subsequent unmasking of the fluorophore is 
virtually quantitative.
The conflicting results arising from the two methods of quantifiable detection of 
(66), Le. fluorimetric (78%), gravimetric (>90%), suggests that fluorescence 
quenching may be a factor and that the compromised fluorescent yield is a direct 
consequence.
Having already established that although NADH at high concentration can 
adversely effect the fluorescence yield but that, at high dilution this effect is 
minimal, it was decided to investigate whether the reduced quinoxaline species 
(83), present as a cleavage by-product, is acting as a quencher of 
methylumbeUiferone (66) fluorescence.
A Stern-Volmer quenching study was set up whereby the emission of a set 
concentration of methylumbelhferone (66) (lO^mol dm^) was recorded in the 
presence of varying concentrations of quencher {Table 7). A plot of the ratio of 
control emission intensity (Ig) over intensity with quencher present (1^ ) against 
the concentration of quencher wiU produce a positively gradiented relationship if 
quenching occurs.
T a b le /
1(66)1 (lO^moldm^) l(83)](10"moldm^) Ratio
(x):(x)
V in t at 
450nm
I /in t  at 
450nm
l A
1 0 - 629.2 - 1.00
1 0.5 1:0.5 - 577.0 1.09
1 1 1:1 - 499.2 1.26
1 2 1:2 - 425.1 1.48
1 4 1:4 - 353.7 1.78
1 6 1:6 - 252.7 2.49
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Figure 56
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The positive slope of the Stem-Volmer plot {.Figure 56  ^ proves that the reduced 
quinoxaline by-product (83) does act as a quencher of methylumbelhferone 
fluorescence.
In the presence of one equivalent of imine (83) there is a 21% compromise in 
fluorescence intensity Le.
629.2 - 499.2 x 100= 20.66% 
629.2
This value fits very closely with the fluorimetric results Le. 78% observed yield of 
methylumbelhferone. It is therefore proposed that the release is quantitative 
and that the confhcting data from the aforementioned studies, is due 
fluorescence quenching by the reduced by-product.
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The Effect o f C oncentration  of th e  Conjugate Salt (80) on th e  Rate of 
Reaction.
Having ascertained that when the conjgate salt (80) is at a concentration of 10'* 
mol dm^ the reaction proceeds at a reasonable rate Le. minutes as opposed to 
hours or days, it was decided to try and prove that the reaction is first order with 
respect to the salt. This was carried out by determining the difference in rate at 
various concentrations whilst keeping the concentration of NADH the same.
For practical purposes it was decided to study the concentration range of 
mol dm'^. At this concentration the reaction is neither too fast nor too slow for 
calculation of the rate by manually recording of the emission spectra.
To a solution of NADH at 5xl0^mol dm^ in TRIS buffered to pH 7.5 was added 
either 20|xl 14(xl, lOjxl, 4|xl or 2pl of a 1x10’^  mol dm ^  of a stock solution of (80) 
giving a final reaction concentration of 7, 5, 2 or 1x10^ mol dm^. After the 
addition of the salt the cuvette was shaken rapidly and the emission spectrum 
recorded immediately. Subsequent spectra on the sample were taken at two 
minutes and four minutes; in each case the intensity at 450nm was tabulated 
{Table Si. Figure 5 7 shows the plot of intensity against time after normalisation 
to a common starting value, hence simplifying visual comparison of the different 
gradients.
T ables
Intensity at 450nm Normalised values
[SaitlxlO^
(moldin'^)
[NADHjxlO'’
(moldin'^) t = 0 (s) t = 1 2 0 (s) t=240(s) t = 0 (s) t = 1 2 0 (s) t=240(g)
10 5 22.2 41.3 61.4 0 19.1 39.2 (n-22.2)
7 5 21.4 36.4 53.1 0 15.0 31.7 (n-21.4)
5 5 21.0 30.2 41.6 0 9.2 20.6 (n-21.0)
2 5 10.1 14.2 17.1 0 4.1 7.0 (n-10.1)
1 5 8.5 12.3 14.8 0 3.8 6.3 (n-8.5)
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Figure 57
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The rate, taken as the gradient between 120s and 240s, was plotted against the 
concentration {Figure 5 ^- 
Table 9
[Salt] (10^ moldin’) t=  120(s) t=240(s) Rate (10 ^  moldm’ s'^ )
10 41.3 61.4 16.8
7 36.4 53.1 13.9
5 30.2 41.6 9.5
2 14.2 17.1 2.4
1 12.3 14.8 2.1
Figure 5S
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The near linear plot indicates that the reaction is first order with respect to (80) 
Le.
-disait! = k[salt] 
dt
Equation 19 
Hence, kobs = 1.675x10’ mol dm ’ s'^
This value is rather arbitrary but when put into the context of earlier studies, it 
can be seen that the rate is roughly one quarter that of the phenazinium 
methosulphate (48) used in the reduction of resazurin (50) (kobs » 7x10’ mol dm ’ 
s'^  at [PMS^]= \00\iM ){cbapter3, p- 5 ^- It is not certain whether this has any 
significance but it is worth noting the relative values if only for interest.
Sum m ary
• A novel reagent for the detection of NADH has been synthesised which has 
been shown to selectively unmask a fluorophore; hence providing a single 
component alternative to the two component resazurin/PMS^ system. The 
synthetic route allows the conjugation to a range of phenolic fluorophores 
such as alternatively substituted hydroxy coumarins, rufins and fluoresceins 
whose fluorescence is quenched by alkylation of the phenol.
• Model studies on the reduction of 1,3-dimethylquinoxalinium iodide indicate 
that although NADH reduction occurs as a 1,4-hydride addition, rapid 
tautomérisation to the 1,2-dihydro isomer occurs. Nmr studies on the 
reduction of the probe have shown this to be the final quinoxaline product 
after elimination of the methylumbeUiferone. The proposed mechanism 
indicates that elimination generates the 1,3-dimethylquinoxalinium salt and 
that a second reduction produces the ultimate dihydro product.
• Studies on the rate of release of the fluorophore have shown there to be a first- 
order relationship with respect to the probe, with complete elimination
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recorded after 15min, at lO'^mol dm ’. The 1,2-dihydroquinoxaline by-product 
was proved to act as a quencher of methylumbeUiferone fluorescence, obeying 
Stern-Volmer kinetics, which exerts a 21% reduction in fluorescence when 
equimolar to the probe. The recovery of the fluorophore in a larger, 
preparative scale reduction was found to be quantitative, correlating weU with 
the fluorimetric data when quenching is accounted for; thus providing further 
evidence for 100% eUmination.
F u ture  W ork
• Having estabUshed that NADH selectively activates a fluorescent signal at 
biological pH, work should start on quantifying the system so that NADH 
concentration can be determined accurately and over a significant dynamic 
range. Implementation of a protocol for parameters such as incubation time 
and reagent concentration is required with a view to reaUsation of the system 
as a ceUular assay tool.
• Given the success of the quinoxaUnium heterocycle as a reducible subunit 
capable of elimination it is proposed that a series of analogous probes be 
synthesised based upon other diaza-heterocyclic conjugates. Phenazinium 
derivatives have been shown not to eliminate; however, pyrazinium and 
pyrimidinium conjugates would be extremely useful analogues allowing 
development of a more efficient system i.e. one which gives complete 
elimination more rapidly and does not generate a fluorescence quencher.
• As alluded to earlier the divergent synthetic route allows conjugation of a 
number of "maskable” phenolic fluorophores. Studies should be continued 
into whether an alternative fluorescent leaving group enhances efficiency of 
the elimination Le. as a better leaving group; or as a more efficient 
fluorophore through having a lower pKa hence generating a greater proportion 
of the fluorescent phenolate at biological pH. A further consideration would 
be to reduce the effect of fluorescence quenching by the heterocyclic by­
product.
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Chapter 5
Design and Synthesis of a Novel Chemiluminescent Substrate
for the Detection of NADH
1.2-Dioxetanes, four-membered cyclic peroxides, have, along with analogous 1,2- 
dioxetanones, been identified as key intermediates in a vast number of naturally 
occurring bioluminescent systems such as luminol,^°^ lophine^®’ and the 
luciferins/°^ Although their existence was predicted by McCapra as early as 
1964, °^  ^ these reactive species were not isolated and characterised until 1969 
when Kopecky and Mumford reported the first successful synthesis of 3,3,4- 
trimethyl-1,2-dioxetane (85).^ °® As envisaged by McCapra, this dioxetane did, in 
fact decompose upon heating to acetone and acetaldehyde with the generation of 
hght; furthermore the product proved to be stable enough to be handled, albeit at 
low temperature, and had a half life of 1200s at 60°C. Any initial scepticism was 
dispelled shortly after with the independent synthesis of two more analogous
1.2-dioxetanes: 3,4-dimethoxy-l,2-dioxetane (86) and tetramethoxy-1,2-dioxetane 
(87)/°^
Figure 59
Me
0—0M 0—0 0—0Me Me 
(85)
MeO OMe 
(86)
MeO- -OMe
MeO OMe 
(87)
Earher claims to the isolation of 1,2-dioxetanes have been made, some dating 
back over 100 years. Each, upon subsequent reassessment, has been debunked 
and, in many cases, subsequently proved to be either the hydroperoxide, or the 
1,4-endoperoxide.^" The earhest reported assignment of a 1,2-dioxetane was in 
1897 as the oxidation product of tetrakis (4-nitrophenyl) ethylene by chromic acid
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at 115-130°C.“  ^ It now thought that this product was in fact the decomposition 
product of the dioxetane, 4,4’-dinitrobenzophenone.“ ’
Synthesis of 1,2-Dioxetanes
There are two acknowledged routes to 1,2-dioxetanes, the first via cychsation of 
hydroperoxides; the second is through oxidation of an alkene using singlet 
oxygen.
Preparation of (85), the first synthesis of a 1,2-dioxetane, carried out by Kopecky 
and Mumford, used an a-bromohydroperoxide in the presence of base to effect 
cyclisation.^®®' This method is still in use today although for tertiary halides 
silver ion is used to irreversibly precipitate out the silver halide by-product and 
drive the reaction."'*"’ Cyclisation of allylic hydroperoxides in the presence of 
mercury (II) halides has also been reported as a good route to halogenated and 
functionalised 1,2-dioxetanes."®
Reaction of alkenes with singlet oxygen provides an excellent alternative route to
1,2-dioxetanes without the need prepare potentially hazardous, hydroperoxy 
precursors.*®®* *"
Molecular, or triplet state, oxygen exists as a diradical due to two odd electrons 
with parallel spins occupying two antibonding orbitals (’Zg"^ ). Excitation 
generates an electron pair with antiparallel spin occupying the same orbital (*Ag) 
or odd antiparallel electrons occupying separate antibonding orbitals (*Zg ). These 
excited singlet states are unstable but have a sufficiently long half life (around 10 
®s) to be useful as reactive substrates.**®
The most common method of generating singlet oxygen is photochemically via 
irradiation of a solution containing molecular oxygen and a sensitiser dye with 
visible light. Sensitiser dyes such as methylene blue, rose bengal, porphyrins 
etc.y are excited to higher energy singlet states which then undergoes singlet- 
singlet energy transfer, subject to the W igner spin-conservation rule, to the
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ground state triplet oxygen. The alkene present in solution reacts with the 
reactive species as it is generated. It could be considered a practical use of the 
phenomenon of excited state quenching [of the dye] by oxygen.**®
There are two prerequisites for this type of cycloaddition. Firstly, the alkene 
m ust not contain a reactive allylic hydrogen, otherwise an ene type 
rearrangement will occur preferentially to give the allylic hydroperoxide {Figure 
60). There are some exceptions, such as the adamantylidenes, where Bredt’s rule 
forbids double bond formation at a bridging carbon.*^®
Figure 60
R
The second requirement is the presence of an electron donating group, such as 
OR, NRg or SR, which activates the alkene to electrophilic attack by the singlet
oxygen 121
The exact mechanism of attack is not fully understood although a number of well 
founded postulates have been put forward including:
A. Biradical mechanism.**'^
0—0
B. Singlet oxygen as an antarafacial partner (symmetry allowed).109a
0—0
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C, Formation of a peroxirane (symmetry allowed). 123
'O 2 Ô+ 0 -0
D, A zwitterionic mechanism/^^
O . 0—0
E. One electron transfer to give a radical cation and superoxide radical ion pair."^
0—0
+
F. A charge transfer mechanism (proposed to be possible when the HOMO of the 
olefin is of higher energy than the LÜMO of ^Og)/^^
There is considered to be a good deal of overlap between mechanisms and that 
there is probably not one overriding route.
M echanism  of D ecom position and  C hem ilum inescent Activation
Two proposed routes for thermal decomposition of 1,2-dioxetanes have evolved, 
both have a wealth of supporting evidence and neither has been proved or 
disproved categorically. The first involves the formation of a diradical in a 
stepwise cleavage process. First proposed by Richardson e t a l, the oxygen bond 
is stretched and an intermediate singlet state diradical formed. The carbon- 
carbon bond can then cleave to form the n-^% singlet excited product {Figure
88
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Numerous studies have been carried out to determine the nature of the excited 
state; and from the vast amount of data compiled it can be seen that many 1,2- 
dioxetanes result in a high yield of triplet excited states. This can be explained 
by intersystem crossing at the diradical stage from which a triplet excited product 
would result upon cleavage.
Figure 61
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The second postulate, originally proposed by McCapra^^® and championed by Koo 
and Schuster, suggests a concerted process whereby cleavage of the 0 -0  and C- 
C bonds occurs simultaneously to form the carbonyl compounds directly {Figure 
62 .^ It is thought to be the result of twisting or deformation of the ring to allow a 
suprafacial [2+ 2] cycloreversion type reaction to occur.^^°
Figure 62
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It is suggested that the anti-aromatic nature of this transition state may lead to a 
crossing of ground and excited state energy levels, the result being an excited 
product However, given the short space of time for which such a transition state 
would exist it is expected that only the singlet excited state of the carbonyl would 
be populated as spin inversion would require more time than the transition state 
would allow. Triplet excited states could arise through spin-orbit coupling, as 
rotation about the C-O bond occurs upon 0 -0  bond scission, which would 
increase the rate of intersystem crossing from singlet to triplet excited states.^^^
McCapra has proposed that both mechanisms may be linked. He suggests that as 
the 0 -0  bond stretches, as in the diradical path, all orbitals of the dioxetane ring 
those of the C-C bond become degenerate, including those of the diradical, 
which would result in cleavage characterised by the diradical mechanism. If 
substituents were to weaken the C-C bond and increase its energy, it too may 
become degenerate thus producing a concerted type transition state resulting in 
mainly singlet emission.
This correlates well with the chemical activation of certain dioxetanes via a 
process known as Chem ically In itia ted  Electron Exchange Lum inescence (CIEEL). 
Intermolecular CIEEL as a means of promoting dioxetane decomposition is well 
established. The generation of a radical anion by means of electron transfer 
from a radical donor results in spontaneous cleavage to the carbonyl radical anion 
which then reacts with the counter radical cation to form an excited state 
molecule, either the carbonyl or the original donor in an excited state.
Intramolecular electron transfer is, as will be discussed later, the premise upon 
which the chosen 1,2-dioxetane was used in the design of the NADH probe. A 
strongly electron donating substituent, for example generation of a phenolate, 
would, through delocalisation, transfer an electron to the dioxetane, probably the 
C-C <5* orbital. This will result in either an internal diradical salt or an 
intramolecular charge transfer complex causing a weakening of the C-C bond, 
degeneracy and a concerted decomposition. This correlates well with 
experimental evidence which reports that the metastable phenolate dioxetane, 4-
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(3-oxyphenyl)-4-methoxyspiro(l,2“dioxetane-3»2-adamantane) (88), produces 
mainly excited singlet methyloxy benzoate (89), as well as 2-adamantanone (90). 
At 57% in DMSO it is one of the highest singlet chemiexcitation yields reported 
for a dioxetane.
MeO ^
OMe
(89)
Schem e 27
Stability of 1,2 'D ioxetanes
The weak 0 -0  bond and strained four membered ring system not only offers the 
possibility of a very exothermic cleavage to two carbonyl products, it ultimately 
results in these compounds having finite stability. 1,2-Dioxetanes exhibit a range 
of thermal stability, some so unstable that they are never seen.^^  ^ Of the isolable 
dioxetanes half lives vary from minutes at room temperature (for compounds 
such as a-peroxylactones)^^^ to several hours at 160°C, or several years at room 
temperature (in the case of bisadamantyl or bisnorbornyl dioxetanes). 
Certain empirical trends can be seen and substitution is a major factor in 
governing the thermal stability.
The degree of substitution is an overriding factor in terms of thermal stability. 
Greater stability is achieved with increased substitution, i.e.
tetra> tri> disubstituted. Mono and unsubstituted dioxetanes exhibit such 
thermal lability that they are usually never isolated. The pattern of substitution 
has little effect on the stability, however, and unsymmetrical and symmetrical 
dioxetanes have very similar decomposition energies provided the degree of 
substitution is the same.
Substitution with an aromatic group such as phenyl shows little difference to the 
stability of an analogous alkyl dioxetane. It was this result that prompted
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Richardson to propose the diradical theory for decomposition/^^ If a concerted 
process were involved then one would expect the transient carbon radical to be 
stabilised by aromatic délocalisation and as a result increase the overall thermal 
stability. If the diradical route was being followed then the generated oxygen 
radical would be too remote to be affected by such stabilising substitution. There 
are conflicting reports on the effect of introducing an alkoxy substituent into the 
dioxetane ring system, however the balance of evidence suggests that where 3,3. 
4,4 and 3,4-dialkoxy-substitution has a thermal destabilising effect, tetraalkoxy- 
substitution stabilises the dioxetane thermally. According to Wilson this is due 
to entropie effects.^^^ Monoalkoxy substitution of the dioxetane ring appears to 
have little effect on stability.
Cyclic substituents when joined to form a fused ring structure have a large effect 
on thermal stability. Five and seven membered fusion results in an increase in 
stability, with respect to a typical trialkyl derivative; whereas six membered 
analogues destabilise the dioxetane. This is thought to be due to the 
conformational effect of the cyclohexyl group exerting extra torsional strain on 
the fragile four membered ring thus adding to the already inherent weakness of 
the 0 -0  bond.^^^ Cyclic groups when inserted as spiro substituents show a 
similar range of effects. Five membered rings tend to destabilise the dioxetane, 
possibly due to greater ring strain the substituent ring being reflected in the 
overall stability of the molecule. Six membered spiro substituents show a large 
stabilising effect.” ® Adamantyl, a fused six membered system, exerts a huge 
effect on the stability of 1,2-dioxetanes and the bisadamantyl analogue, as already 
mentioned, is the most stable dioxetane known. Schuster suggests that the steric 
bulk imparted is a major reason for the extraordinary stability of this analogue.'141
A pplication of 1,2-Dioxetanes as Biological Assay Reagents.
The first significant use of 1,2-dioxetanes as an analytical tool was as signalling 
agents in ligand a binding assay as reported by Wynberg 1981.”  ^ Since then the 
employment of dioxetanes in biological and medical diagnostics has increased 
spectacularly.
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Although reported as potential chemotherapeutic agents (as targeted "packets of 
energy" capable of cytotoxicity upon decomposition),”  ^ and selective probes for 
in  vivo singlet oxygen (through alkene oxidation and immediate hght emitting 
decomposition)/”  it is in the field of immunoassay and molecular biology where 
dioxetanes have been apphed most readily.
Enzyme hnked immunosorbent assays (ELISAs) are based upon specific antibody- 
antigen interactions and are widely used by biologists as a means of analysing for 
low concentrations of biological material. A range of techniques are available; 
such as the Sandwich ELISA, commonly used for the detection of large molecules 
with multiple antigenic sites such as proteins {Figure A sohd phase is coated 
with antibodies specific for the particular antigen to be analysed, the analyte 
solution is added and any antigens present bind to the antibodies. The addition 
of a labelled antibody, which attaches to the bound antigen, allows detection and 
quantification of the antigenic analyte. A popular system utihses a dioxetane 
based chemiluminescent reagent which is triggered by reaction with alkaline 
phosphatase. Instead of labelling the secondary antibody with chromophore or 
fluorophore, it is bound to alkaline phosphatase; hence, treatment of the bound 
alkaline phosphatase with a phosphate containing dioxetane reagent (AMPPD) 
results in a quantifiable emission of hght.”^
Figure 63
Light
Analyte Alkaline Pho^hataæ» f  f  *
Antigens* Antibody Conjugate AMPPD♦
Solid Phase Antibodies
Over the past 10 years the alkaline phosphatase-triggerable dioxetane system has 
found many more applications as the fields of molecular and cell biology have 
expanded. Nucleic acid detection can be achieved both directly, via alkaline 
phosphatase labelled ohgonucleotides {Figure 64, a), and indirectly through
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detection of attached labels such as biotin and digoxigenin via an alkaline 
phosphatase-antibody conjugate {Figure 64, Treatment of the bound alkaline 
phosphatase with AMPPD after electrophoresis allows differentiation of the 
labelled and non-labelled genes.”®
Figure 64
Li^t
AMPPD^  Alkaline Pho^hataae 
*  Labelled Oligonucleotide
DNA
AMPPD /
^  Alkaline Phosphatase - 
"  Streptavldin Conjugate
DNA
As the human genome mystery unravels, greater emphasis is placed on 
identifying specific genes for both screening purposes and for genetic research 
itself; hence, chemiluminescence assays such as these are becoming more 
popular with biologists due to the versatihty, sensitivity and ease of use of the 
reagents.
R ationalising th e  Choice of C hem ilum inescent Substrate
The aforementioned AMPPD system releases light upon removal of the phosphate 
ester to give the phenolate. The electron rich phenolate system undergoes rapid 
intramolecular electron transfer resulting in the cleavage of the 1,2-dioxetane and 
the generation of a singlet excited ester. It was decided to exploit this "light 
upon release" process and synthesise a reductively activated substrate via 
conjugation with a quinoxahnium moiety.
This particular dioxetane has several built-in design features which allow for 
increased stabihty and optimisation of specific triggered emission {Figure d5).
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Figure 65
1. The presence the bulky adamantyl group has been shown to increase stability. 
As has already been discussed, the bisadamantyl dioxetane exhibits extraordinary 
thermal stability. The use of a single adamantyl group provides sufficient 
thermal stability to reduce handling problems and to attenuate problems of non­
specific background emission from thermal decomposition.
2. The 1,2-dioxetane which, upon scission, provides the energy for population of 
the excited state energy levels in the carbonyl products. The weak bond thus 
allows the dioxetane ring to act as an "in-house energy store” which releases 
energy when it decomposes to the strongly bonded carbonyl products.
3. The alkoxy group is important for the rapid and efficient synthesis of the 
dioxetane via sensitised photooxygenation.
4. Substitution of the phenyl ring at the 3 position which generates the emitting 
moiety of alkyl-3-oxybenzoate when unmasked. Studies have shown that "odd” 
(meta) orientation is a key to the efficiency of the system. The analogous 4- 
substituted derivative has been shown to display poor thermal stability and 
produce a high non-specific background thus reducing the detection limit  and the 
efficiency of any emission assay.
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Detailed studies on the effects of the substitution patterns have on 
chemiluminescence have been carried out on the naphthalene hnker as well as 
phenyl. Again the odd-substituted product (2, 7; 1, 3; 1, 6) gave lower 
backgrounds, greater emission intensity and longer half-lives than their even- 
substituted counterparts. Comparison of the naphthalenes and phenyl show that 
the phenyl based dioxetane system has superior properties. '^*®
S ynthetic Strategy
Upon deciding on the chemiluminophoric group to be conjugated a synthetic 
strategy was devised to give the dioxetane precursor, a vinyl ether. Application of 
a retrosynthetic analysis of the target vinyl ether suggested a convergent 
synthesis via a phenolic vinyl ether and 2-bromomethylquinoxaline (75), made 
separately and conjugated via an ether link later on in the synthesis.
A report suggesting the reductive couphng of an aryl ester and 2-adamantanone 
(90) under McMurray conditions proved unsatisfactory,^'*^ despite a range of 
conditions and reducing agents used. In each case the ketone preferentially 
dimerised to give 2,2 '-adamantyladamantyhdene (91) as the major product. 
Reported examples of ketone-ester coupling are rare and virtually all involve 
cychsation via intramolecular reaction.
OMe
(124)
1. TiClj, LiAlH4, THF Q2. EtjN' X----------
3. m-(0H)C6H4C02Me
(90)
Schem e 28
I. TiClg, LIAIH4, THF
(90%)(91)
Having estabhshed the need for a new, more viable route to the vinyl ether, it 
was decided to make use of a Wadsworth-Emmons type coupling using an a- 
alkoxyphosphonate and 2-adamantanone (90) {Figure 60i. a-Alkoxyphosphonates 
can be prepared by either substitution of an a-haloether via an Arbuzov type 
reaction, or by a Lewis acid facilitated substitution of an acetal.
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Figure 66
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The W adsw orth-Em m ons Reaction
The Wadsworth-Emmons reaction (also known as the Homer-Enunons or W ittig- 
H om er reaction) is a very well established method of making alkenes.^^^ Similar 
in mechanism to the Wittig reaction, the ylid used is a phosphonate rather than a 
phosphorane or phosphonium salt. There are several advantages of using 
phosphonates over phosphoranes; the first being economic due to many 
phosphonates being easily, and inexpensively, produced from the long standing 
Arbuzov (Arbuzov-Michaehs) reaction.
A second advantage is the ease at which the phosphorus containing by-product 
can be removed. The Wadsworth-Emmons by-product is a water soluble 
phosphate ester, unlike the R3PO formed from reaction with a phosphorane, and 
can therefore be removed with an aqueous work up.
The third, and most relevant, advantage is the observed reactivity of the 
generated phosphonate carbanion. Although the phosphonate carbanion (or ylid) 
is stabilised through délocalisation of the charge through the phosphoryl group, 
stabilisation of the phosphorane carbanion is greater {Figure 67)- The practical
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implication of a more nucleophilic carbanion is that while stabilised 
phosphonium ylids are relatively unreactive to ketones the corresponding 
phosphonate carbanions are sufficiently reactive to afford alkenes from 
ketones/^^
Figure 67
O O®
(R0)2— P-CH-R' —  (R0)3— P=CH-R'
0  ©R3— P—CH-R' — ^  R3— P=CH“R'
The stability of the phosphonate cabanion is enhanced further by the use of a 
resonance stabilising group (R'). A substituent such as an aryl group allows 
further stabilisation of the anion by resonance {Figure 
Figure 68
R
  (R0 )2P " ^ " ' V ' ^-[-R R
R
The increased reactivity of the phosphonate ylids comes from the fact that the 
phosphonium ylids (R^P -^HC -) are potentially more hindered, via bulky alkyl or 
phenyl substituents, than the phosphonate system and are thus less available to 
alkylating agents; hence, the observed rate of reaction is greater for the less 
hindered phosphonate carbanion.
By having a substituent containing one or more lone pairs adjacent to the 
carbanion, nucleophilicity is enhanced by a phenomenon known as the alpha 
e ffec t Repulsion of the two pairs of electrons leads to destabilisation of the
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ground state and hence greater reactivity {Figure 6Ç^ . It has been su^ested  that 
the alpha effect can also exert itself to increase reactivity by stabilisation of the 
transition state by the extra pair of electrons and by reduction of nucleophile 
solvation.
Figure 6Ç
(R"0 )2P
This increased nucleophilicity allows reaction with ketones, which are usually 
inert to the classical Wittig type reagents, as well as aldehyde carbonyls.^^^
Stereochemically the reaction tends to yield the trans alkene product, regardless 
of the stereogenic centre, if any, at the a-carbon of the phosphonate. The is due 
to the reversibility of the initial intermediate formation and the relative steric 
interactions of both the erytbro and tbreo intermediates. With regards to 
symmetrical ketones such as 2-adamantanone, geometric isomerism plays no 
part. For these reasons it was decided that there would be no benefit in resolving 
any chiral phosphonates produced.
Since the discovery of phosphonates as alternative yhds, the Wadsworth-Emmons 
reaction as method of generating alkenes has been used extensively and is a 
powerful synthetic tool for carbon-carbon bond formation.
Synthesis of a M odel Alkene
To be confident of the suitability of the Wadsworth-Emmons reaction coupling to 
2-adamantanone a simple model was synthesised. Both diethyl 
benzylphosphonate (92) and dimethyl benzylphosphonate (93) were generated 
under Arbuzov conditions using benzyl bromide and triethyl phosphite and 
trimethyl phosphite respectively. Reaction of the dimethyl analogue with 2- 
adamantanone (90), using freshly prepared lithium diisopropylamide (hereafter
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referred to as LDA), afforded the product, phenyl-2-adamantylidene (94), in poor 
yield. The dimethyl analogue improved the yield somewhat to give a 47% return 
{Scheme 20 .^
o
Br P(0R)3 ^  ^P(0R)2 1. LDA. THF
2. (90) _
R =  Et (92); (39%)
R =  Me (93); (62%) (94) ^
when R =  Et; (28%), 
R =  Me; (47%)
Schem e 29
The difference in yield is probably due to a steric effect as the longer chain ethyl 
groups interfere with the approach of the bulky ketone prior to reaction with the 
carbanion.
Sodium hydride is a base often associated with generating the carbanion for this 
type of yhd couphng; however, LDA produced a superior yield and was used 
throughout the project for carbanion formation.
Synthesis of a M ethyl Vinyl E ther M odel.
The classical method of preparing a-alkoxy phosphonates is through an Arbuzov 
type substitution with trialkyl phosphite on an a-haloether such as a- 
chlorobenzylmethyl ether. There are several disadvantages to this approach: (i) 
a-haloethers are difficult to handle and the preparation from an arylaldehyde 
using ROH and HX is not very efficient; (ii) Arbuzov conditions are often
too harsh for the a-haloether resulting in decomposition of much of the starting 
product.
Reaction of an arylaldehyde dialkyl acetal with trialkyphosphite in the presence 
of a Lewis acid, such as boron trifluoride etherate, has been reported as a good 
alternative without the need to generate the a-haloether.^^®
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The dimethyl acetals of both benzaldehyde and 3-tolualdehyde, (95) and (96), 
were prepared via transacétalisation using 2,2-dimethoxypropane, under 
anhydrous acidic conditions. The acid catalyst in this case was p-toluene 
sulphonic acid. Treatment of the acetal products with trimethyl phosphite in the 
presence of trimethylchlorosilane (hereafter known as TMSCl) afforded the 
desired dimethyl a-methoxyaryl phosphonates, (97) and (98), after stirring at 
room temperature, under an inert atmosphere. Monitoring the reaction mixtures 
by nmr showed the disappearance of starting acetal and the appearance of the 
phosphorus coupled a-proton as a distinctive doublet (J=ll-18Hz) at 4.5ppm. 
Reaction was complete after 3 days and 2.5 days respectively.
Wadsworth-Emmons coupling with 2-adamantanone (90) proceeded well to give 
the corresponding enol ethers, (99) and (100) {Scheme ^ 6).
OMe
CH3(CH30)2C.CH3,
CH3C6H4SO3H.H2O
OMe
OMe
1. LDA, THF
2. (90)
R = H (95); (84%) 
R = Me (96); (56%)
P(OMe)3, 
TMSCl
P(OMe)2
OMe
R = H (99); (61%) 
R = Me (100); (25%)
R = H (97); (70%) 
R = Me (98); (52%)
Schem e 30
In addition to the Wadsworth-Emmons coupling with 2-adamantanone (90), a 9- 
fluorenyl analogue (102) was prepared as a model to illustrate the general nature
1 0 1
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of the reaction. Treatment of (97) with 9-fluorenone (101) under standard 
conditions afforded (102) {Scheme 3Î)-
OMe OMe
LDA, THF
(97) (101)
(102) (61%)
Schem e 31 
The Im portance of P henol Protection.
As alluded to earher, a hydroxyphenyl enol ether derivative is a key intermediate 
in the proposed convergent synthesis. It became clear at a very early stage that a 
protecting group for the phenol was required for this route to be successful. 
Initial attempts at preparing the dimethyl acetal of 3-hydroxy benzaldehyde 
resulted in a polymeric gum from which no sensible nmr spectrum could be 
obtained. It is suggested that the phenolic oxygen reacts readily with the 
oxonium ion generated by the aldehyde, under acidic conditions, to form a 
hemiacetal. The protonated hemiacetal then loses water to form a secondary 
carbonium ion which is attacked by another phenolic oxygen, etc. (Figure 70). 
Figure 70
OH
OH
OH OH
etc etc OH
Polymer
OHOH
OH
Following standard WiUiamson S^2 conditions, the benzyl, p-toluenesulphonyl 
and p-methoxybenzyl protected derivatives of 3-hydroxy benzaldehyde were
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synthesised; (103), (104) and (105) respectively. Preparation of the derivatised 
acetals, (106), (107) and (108), using the previously stated conditions, proceeded 
smoothly and Lewis acid mediated phosphonation afforded the ylids, (109), (110) 
and (111), as a viscous oil in each case. Subsequent Wadsworth-Emmons 
coupling gave the enol ethers, (112), (113) and (114), as crystalline solids in 
varied yields {Scheme 32^.
In addition to overcoming the pitfall of polymerisation at the acetal stage, 
protection allowed a comparative study on the effects of oxygen substitution at 
the meta position on the synthetic route. Initially, a benzyl protecting group was 
chosen over other simpler ethers, such as methyl, as a possible mimic for the 
various heteroaromatic substituents envisaged as ultimate targets.
OMe
OH
.  (a) 1. K2CO3. Nal, 95%MeCN
^ O  2. 4CH3OC6H4CH2CI
(b) 1. Pjiridine
2, p-Toluenesulphonyl chloride I _
CH3(CH30)2CH3.
CH3C6H4SO3H.H2O
OR
R =  Bz (103)s (97%) 
R = T o s  (104); (6 6 %) 
R =  PME (105); (80%)
OMe
OR
R = Bz (106); (82%) 
R =  Tos (107); (70%) 
R =  PMB (108); (81%)
P(OMe)3,
TMSCl
OMeOMe
1, LDA, THF
2 . (90)
OROR
R =  Bz (112); (64%) 
R =  Tos (113); (10%) 
R -  PMB (114); (51%)
Schem e 32
R = Bz (109); (6 8 %) 
R =  Tos (110); (52%) 
R = PMB (111); (67%)
Deprotection of the vinyl ether (112) was attempted first, by acid hydrolysis of 
the ether. Unsurprisingly, treatment of the vinyl ether with glacial acetic acid 
and concentrated HCl (l;lv/v) resulted only in déméthylation of the enol ether to 
afford the corresponding ketone (115), with the phenolic protecting group left 
intact {Scheme 33-^^^ The acid lability of enol ethers negates the use of any 
acidic reagents for reaction or deprotection; as will be addressed later, this led to 
difficulties in the synthesis of the target compound.
103
SESULTS AND DISCUSSION Cliaptei;5
Milder benzyl deprotection conditions using ethane dithiol and boron trifluoride 
etherate resulted in a complex mixture of products of which none gave a positive 
result when treated with methanolic FeCl^ (standard test for phenols)
OCH
AcOH(glac,) /  HCl (cone) (1:1 Vv)
OBz OBz
(112)
/t : 7
(115) (98%)
Schem e 33
Mild, non- acidic deprotection of the PMB derivative (114) was attempted using 
Lil in 2,4,6-collidine/^^ It was hoped that nucleophilic attack on the p-methoxy 
group would result in the release of the free phenol; however, dealkylation of the 
vinyl ether occurred as well, yielding the phenolic ketone product (116) {Scheme 
34),
pCH,
(114)
Lil /  2,4,6-collidine
OH
(116)
Schem e 34
Synthesis of M ethoxy (3-Hydroxyphenyl)-2-Adamantylidene.
It was obvious that a more labile protecting group was required, one that was 
stable to the Lewis acidic conditions of ylid formation but could be easily 
removed at the enol ether stage. Two further protected analogues were 
synthesised, the o-nitrobenzyl ether and the benzoate. o-Nitrobenzyl ethers 
(ONB) are readily cleaved by irradiation with ÜV light, thus allowing a means of 
non-acidic, non-nucleophilic deprotection.^^^ Synthetically this meant a change 
in reaction conditions at the ylid stage.
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Attempts at preparing the ONP protected phosphonate using TMSCl as the Lewis 
acid resulted in a dark mass resembling the polymeric by product obtained from 
attempted acétalisation of the phenol. Following evidence from Yokomatsu that 
treatment with TiCf, with trialkylphosphite opens cyclic acetals to afford a- 
alkoxyphosphonates/^^ it  was decided to investigate this as a mild method of 
generating the desired ylid.
From the ONP and benzoate protected 3-hydroxybenzaldehydes, (117) and (118), 
the corresponding dimethyl acetals, (119) and (120), were generated in good 
yield. The a-methoxy phosphonates of both the ONP (121) and benzoate (122) 
protected analogues were prepared successfully. Wadsworth-Emmons couphng of 
the ONP derivative yielded only 18% of the desired alkene (123) with a further 9% 
isolated as the deprotected phenol (124). The benzoate analogue fared better, 
yielding 48% of the deprotected phenohc enol ether (124) which was found to be 
completely stable to storage in the sohd state {Scheme 33) ■
Initial reluctance in using an ester and concerns over possible interference of the 
final couphng with regards to in  s itu  deprotection proved invahd. Using at least a 
two fold excess of LDA ensured sufficient base to generate the carbanion as weU 
as promote cleavage of the ester.
OH
(a) 1. K2CO3, Nal, 95%MeCN 
O 2. 2-N02C6H4CH2Bt
(b) 1. EtjN, DCM
2, pbcoca
O CHgtCHgOzCCHg.  ^
CH3C6H4SO3H.H2O
OR
R =  ONB (117): (99%) 
R = PbCO (118); (92%)
OMe
OR
R = ONB (119); (89%) 
R =  PhCO (120); (95%)
OMe
1. LDA, THF
2 , (90)
OMe
P(OMe)3, T id 4, 
DCM
P(OMe)2
R =  ONB (123); (18%); R = O H  (124); (9%) 
R =  OH (124); (48%)
OR
R = ONB (121); (65%) 
R =  PhCO (122); (73%)
Scheme 35
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The intermediate (124) was obtained in an overall yield of 31%, despite the 
moderate efficiency of the final step.
Advantages of TiCl^ over TMSCl as th e  Lewis Acid Facilitator In th e  Ylid 
P reparation  Step,
Titanium tetrachloride happens to be a preferable reagent for the phosphonation 
of a range of arylaldehyde acetals. The main advantage is the speed of reaction; 
those reactions utilising TMSCl required several days reaction, those using TiCl  ^
took no more than 2.5h. This obviates a problem posed by the slower TMSCl 
reaction. Trimethyl phosphite when stirred at room temperature, under 
nitrogen, underwent a rearrangement to dimethyl methyl phosphonate (125) 
{Scheme 35). This competing reaction, although slow, compromises the 
efficiency of the acetal phosphonation.
P(OMe); ----------------------------► Me— P(OMe)z
(125)
Schem e 36
A second advantage of the TiCl  ^ system is the ease of work up. Filtration of the 
titanium oxide by-product leaves a liquor containing only two or three 
components of different Rf values which are easily separated by column 
chromatography. The crude product mixture from the TMSCl reaction is difficult 
to chromatograph due to the presence of streaking by-products. It was found that 
the only satisfactory method of purification was by very low pressure vacuum 
distillation (<lmmHg) to prevent destruction of the ylids, which decompose 
upon heating to 100-125°C.
A repeat synthesis of earlier ylids using this new method was carried out and the 
yields via the two methods found to be comparable, if not better, for the TiCl  ^
method {Table 10)\ however, the PMB protected analogue (111) proved to be an 
exception. Treatment of the PMB protected acetal (105) with TiCl  ^ resulted in 
decomposition and the formation of an insoluble gum, much like that seen in the
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attempted acétalisation of 3-hydroxybenzaldehyde [.Figure 70). It is likely that 
the titanium co-ordinates to the phenolic oxygen, promoting cleavage of the 
protecting group. The exposed phenol is then open to attack from the generated 
oxonium ion, resulting in polymerisation.
The preparation of the a-methoxy phosphonate is an important step in the 
synthetic route (see Schem e 37) > Although modified from an existing method 
this is the first time TiCl  ^ has been used to make simple a-methoxy (and a- 
ethoxy, see later) dimethyl aiylphosphonates. It has proved to be a useful 
reaction and has solved some of the problems posed by other methods. A 
number of analogues have been prepared via this method, the respective yields 
and reaction time tabulated for comparison vyith the TMSCl mediated method 
[Table 10).
OMe
OMe
OMe
Lewis Acid
Schem e 37
Table 10
Lewis Acid
TMSCl TiCh
R Product
No.
Reaction 
time (h)
Yield (%) Reaction 
time (h)
Yield (%)
H 97 68 70 2 72
CH3 98 56 56 2 66
O-Bz 109 80 58 2.5 68
O-Tos 110 60 52 2 73
O-PMB 111 60 67 N/A N/A
O-ONB 121 N/A N/A 2.25 65
O-COPh 122 N/A N/A 2.5 73
In order to illustrate the generality of the reaction 2-methoxytetrahydropyran was 
reacted with trimethyl phosphite under the said conditions to generate 2- 
dimethyl tetrahydropyranylphosphonate (126) in 72% yield [Scheme 3 ^-
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P(OMe),, TICI4, DCM
'O '^ O M e O" ■“P(OMe)2
(126) (72%)
Schem e 38
The success of this model reaction is very promising and suggests that ihis 
reaction may be of use in functionahsing analogous glycosyl derivatives and other 
sugars due to the relatively mild conditions required.
Synthesis of Vinyl E ther P recursor to  th e  D ioxetane Target.
Conjugation of the phenolic vinyl ether (124) to 2-bromomethylquinoxahne (75) 
proceeded well by formation of the oxyanion in dry THF and slow addition of the 
heterocycle {Scheme 39i- Initial attempts at a Williamson type S^2 éthérification 
using 95% MeCN^q resulted in the decomposition of the bromoquinoxaline 
moiety and a poor yield. Although classical WiUiamson conditions were tried 
(dry acetone and KgCOg), it was found that pulverised NaOH in dry THF provided 
the optimum conditions for the reaction, which ensued at room temperature, 
furnishing the conjugate (127).
OMe
'Br +
OH
(75) (124)
MeO.
(69%)(127)
Schem e 39
Méthylation of the conjugated moiety proved to be a troublesome step due 
entirely to the labiUty of the enol ether.
A number of attempts were made to N-methylate the quinoxahne, however 
virtuaUy aU resulted in N-methylation of the and O-demethylation of the enol 
ether (128) {Scheme 40j. It was thought that nucleophiUc attack may have a role 
to play but treatment of (127) with LiBr showed no reaction and the use of a non-
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nucleophilic salt, trimethyloxonium tetrafluoroborate again yielded the ketone 
product (128).
MeO.
MeSO^CFg, dry CHd^
(127)
m
(128)
Schem e 40
Given the acid sensitivity of the starting compound and that strong methylating 
agents readily afford acidic hydrolysis products, vacuum oven and flame drying 
techniques were applied. This, however, appeared to have no effect on the 
outcome of the reaction. Attempted buffering of the reaction with hindered 
organic bases led to some interesting, if not desirable, chemistry. 
Diisopropylethylamine (Hünig’s base), despite it being sterically very crowded, 
was N-methylated by methyl triflate appeared to form the quaternary salt- 
diisopropylethyl méthylammonium triflate. Treatment of both (127) and the 
model quinoxahnium (68) with 1,8-Bis (dimethylamino) naphthalene (proton 
sponge) resulted in rapid decomposition of the quinoxahne to a very dark 
coloured sohd. It is thought that a redox reaction may have occurred between the 
product quinoxahnium salt and the proton sponge resulting in a charge transfer 
complex and hence the formation of a highly coloured mixture.
As an alternative method, méthylation of 2-bromomethylquinoxahne (75) with 
methyltriflate was carried out, to give the salt (129). Conjugation with the 
phenohc vinyl ether (124) was attempted, however, the basic conditions required 
for éthérification resulted in the rapid decomposition of the salt.
Br MeSO^CFq 
CHCI3
Br NaOH, THF, (124) Decomposition
Products +  (124)
CF3SO3
(129) (84%)
Schem e 41
The stabihty of enol ethers is known to increase with longer chain alkyl 
substituents, it was thus decided to prepare the ethyl analogue.
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Preparation of the ethyl vinyl ether-quinoxaline conjugate proved straightforward 
using the existing route of acétalisation (130), phosphonation (131) and 
Wadsworth-Emmons coupling (132). Ethérification with (75) afforded the 
conjugate as a stable solid (133) {Scheme 42), Reaction with methyl triflate 
yielded the dealkylated salt (128), as did reaction with trimethyloxonium 
tetrafluoroborate and methyl iodide. Attempted méthylation, under anhydrous 
conditions, in the presence of CaCOg and K^ COg, resulted in decomposition to an 
uncharacterisable solid.
Since O-dealkylation of the vinyl ether m ust be occurring by the presence of even 
trace amounts of acid from the inclusion of water, a base that removes acid and 
water was required. As sodium hydride is capable of generating carbanions from 
even weakly acidic carbon hydrogen bonds it was avoided. However, calcium 
hydride was considered suitable as a non-nucleophilic anhydrous base.
Treatment of methyl triflate with CaHj prior to the addition of the conjugate 
afforded the desired enol ether salt (134) as a pure sohd upon precipitation from 
dry ether {Scheme 42).
1. EtgN, DCM
2,PhCOCl
OH
C2H5OH, Toluene,
CH)C6H,80gH.H20
OCOPh 
(118) (9 2 %)
OCOPh 
(130) (89%)
OEt
EtO. 1. NaOH, THF l.LDA, THF
2. (90)2. (75)
OCOPh 
(1 3 1 ) (67%)
OH
(132) (56%)
(133) (49%)
EtO.
CHCI3
Scheme 42
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It is probable that although extreme care was taken in ensuring an anhydrous 
environment, a small amount of acid from hydrolysis was produced causing 
dealkylation. The quinoxahnium salt is readily decomposed to a complex 
mixture of products in the presence of aqueous base, hence the failure of the 
carbonate bases.
Spectral Evidence for th e  Conjugate Salt (134).
The nmr spectrum of the starting vinyl ether (132) clearly shows two 
characteristic singlets at 2.66 and 3-27ppm corresponding to the inequivalent 
adamantyhdene protons adjacent to the double bond. The O-dealkylated salt 
(128), although exhibiting a new three proton singlet at 4.91ppm, corresponding 
to the N-methyl group, shows the disappearance of the two discrete adamantyl 
singlets and the appearance of a broad singlet at 2.27ppm which integrates for 
two protons. This new signal clearly indicates the removal of the 
adamantyhdene double bond, thus allowing rotation and causing the two 
adjacent protons to appear equivalent. Additionally, a second new signal at 
3 41ppm, corresponds to the tautomeric proton in the 2 position of the 
adamantyl group.
The nmr spectrum of (134) shows the characteristic inequivalent adamantyl 
protons, the new N-methyl signal at 4.29ppm and the ethyl triplet (1.07ppm) and 
quartet (3.48ppm). The existence of the salt is further elucidated by the pattern 
of the quinoxahne signal. The non-methylated quinoxahne protons exist as a 
singlet at 911ppm, a set of overlapping doublets at 8.10ppm and a set of 
overlapping triplets at 7.80ppm. The inclusion of a positive charge into the ring 
system causes downfield shift, and increases the asymmetry of the heterocycle. 
The result of which is, the singlet is shifted to 9 33ppm, the C-6 and C-9 doublets 
are now discreet (at 8.40ppm and 8.50ppm respectively) due to a greater 
electrostatic effect being seen at the C-9 position.
Photooxygenation of Enol E thers,
The hght source used was a 400W medium pressure Hg arc lamp which was 
placed inside a water jacket to reduce heat emission. It was found that by
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keeping a flow of compressed air or nitrogen between the lamp jacket and the 
reactor the temperature could be maintained at a stable 30°C, too high for many 
dioxetanes but suitable for the relatively stable dioxetanes to be prepared. The 
reactor consists of a custom made side arm test tube into which could be fitted a 
sintered inlet for fine dispersion of oxygen gas through the solution and an outlet 
with a fitted water condenser to prevent loss of solvent {Figure 71).
Figure 71
Coolant Water Outlet
Molecular Oxygen Inlet 
Outlet I
+ Water Condenser 
+ CaCOg Drying Tube
\
Reaction Solution-----
(including Vinyl Ether 
and Sensitisei)
Coolant Water Inlet
Bg Arc Bulb
Compressed Air
A number of model dioxetanes were prepared in order to optimise the reaction 
conditions. The well-known photooxygenation of 2,2'-adamantyl-adamantyhdene 
(91) was carried out as was photooxygenation of the model vinyl ethers (99), 
(124) and (132).
Monitoring the reaction by tic showed in most cases the dioxetane as a more 
polar spot. A quahtative starch/iodide test confirmed the presence of an 
oxidising agent i.e. endoperoxide, dioxetane etc. As expected (91) was the 
slowest to react with singlet oxygen due to poor activation of the alkene, and 
took 3h for the staring material to be fully oxidised to the dioxetane (135) 
(Scheme 43)/^°
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(91)
O—O
^02, Methylene Blue, DCM
(93%)(135)
Schem e 43
Dioxetanes (136), (137) and (138) were synthesised, under Identical conditions, 
almost quantitatively within Ih. It was of interest to find that the phenolic 
dioxetanes (137) and (138) were stable when stored at 0°C in the dark.
OR' R'O
^ 2» Methylene Blue, DCM
R = H, R' = Me (99) 
R = OH, R' = Me (124) 
R = OH, R' = Et (132)
R = H, R' = Me (136); (93%) 
R = OH, R' = Me (137); (90%) 
R = OH, R' = Et (138); (89%)
Schem e 44
Shght modification to the protocol was required for the photooxygenation of the 
quinoxaline substituted model (133) {Scheme 4Si> Given the reported 
photosensitivity of many heterocycles, including quinoxalines and 
quinoxahniums, it was clear that an ultra-violet filter m ust be included in the 
apparatus. A new reactor, incorporating a water jacket filled with a O.lmol dm^ 
solution of o-nitrophenol at pH 10, was made. Basified o-nitrophenol has three 
absorption bands, the largest of which is at 402nm, and significant absorption 
between 200-430nm. 1,3-DimethylquinoxaUnium iodide (69) absorbs at 339nm; 
within the range blocked by the filter. Methylene Blue and Rose Bengal have 
absorbances of 66lnm  and 549nm respectively, hence the photosensitisation 
process of singlet oxygen formation is not hindered.
Photooxygenation of the quinoxaline substituted enol ether (133) proceeded well 
affording the dioxetane (139) after 45min irradiation (Scheme 45)-
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Eto, EtO-
M e& ylene Blue, DCM
(O.IM O -N itrophenol (pH 10} UV filter)
(139} [88%)(133)
Schem e 45
During the photooxygenation of the target precursor, the quinoxalinium 
substituted derivative (134), a complication arose in the removal of the sensitiser 
dye. This was solved by using a polymer bound dye, in this case Rose Bengal, 
which is simply filtered off after reaction.*^ The target dioxetane (140) was 
isolated as a dark green gum {Scheme 4âj, the colour probably due to a trace of 
highly coloured decomposition product. The nmr shows the characteristic 
downfield shift of the adamantyl protons P-to the peroxide ring.
Etc. Etc-
*0 2 , Bose Bengal (polym er bound).
DCM
(0.1M O 'N itrophenol (pH 10) UV filter)
(48%)
Schem e 46
Progress Tow ards a 1,2-Dioxetane C ontaining a T e thered  Fluorophore
It is widely accepted that the chemiluminescence efficiency of triggerable 1,2- 
dioxetanes in aqueous environment can be enhanced by energy transfer to a 
fluorophore.^®^ Many of the existing chemiluminescent assay systems utihse an 
enhancer solution consisting of a fluorophore containing surfactant which can 
miceUate the dioxetane holding the energy transfer acceptors close to the 
donor. Chemically linking or tethering a fluorophore to the dioxetane
provides a means of intramolecular energy transfer whereby emission occurs 
from the attached fluorescent group.
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It is claimed that functionalised ethyl enol ethers, analogous to those already 
described, have been prepared via a McMurray reductive couphng/®^^ Given the 
unsatisfactory results from the earlier use of this reaction for this purpose, it was 
decided to use the Wadsworth-Emmons route as an alternative method of 
generating a functionalised enol ether.
Attempts were made at preparing an a-alkoxy phosphonate by alkylation of both 
a model a-hydroxy phosphonate (141) and a 3-hydroxy benzoate protected 
analogue (142), the products of a Pudovik type nucleophihc addition {Scheme 47) • 
These were unsuccessful; it is hkely that formation of the carbanion adjacent to 
the phosphonate competes with oxyanion formation due to the comparable 
acidity of the respective abstractable protons.
‘O HP(0)(0Et)2, Et3 N, Toluene r  If P(OEt) 2   ^ [^y
jijq Reaction
R R
R =  H R =  H (141); (42%)
R =  OCOPh (118) R =  OCOPh (142); (57%)
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Hence an alternative route was applied, which uses t-butyldiphenylsilyl protected 
3-hydroxybenzaldehyde (143) and proceeds via the opening of an arylaldehyde 
cychc ethyl acetal (144) to afford an a-(2-hydroxy)ethoxy phosphonate (145).^ ®^  
Reaction with phthahmide under Mitsunobu conditions gave the corresponding 
alkylphthahmide (146), a precursor for the Gabriel transformation to an amine 
{Scheme 4B), An amine group would be very useful functional group for couphng 
to fluorophores via an amide hnk.
Wadsworth-Emmons coupling of (146) to 2-adamantanone (90) proved 
unsuccessful due to a competing intramolecular reaction resulting in cychsation 
via the phthalimide group to yield the heterocycUc product (147). The reaction is 
driven by the formation of the 6-membered ring which is entropically favoured.
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Deprotection of the phthalimide (146) using hydrazine monohydrate proceeded 
well to give the amine (148); however use of Wadsworth-Emmons reaction 
conditions on the amine resulted in complex mixtures of products. Crude nmr 
and mass spectral data suggest the formation of a small amount of a cyclic 
phosphoramidate (149). Mechanistically this is feasible, if, say, the amine is 
preferentially ionised; however, this product should still act as a suitable ylid for 
the reaction.
O TBDPSCl, EtÿtJ, 
DCM
[^ ’^' ' V ^ QhO(CH;)20H. .  P(OMe)3, TiCL,,
Toluene,'feOH I- H DCM
OH
Cx)
OTBDPS 
(143) (97%)
OTBDPS 
(144) (89%)
VOTBDPS 
(145) (68%)
PPl ,^ DEAD,
THF, Phthalimide
P(OMe)2VOTBDPS 
(148) (60%)
OTBDPS
(149) J
P(OMe)zEtOH
2.HC1
OTBDPS 
(146) (70%)
Wadsworth-Emmons Wadsworth-Emmons
OTBDPS
(147) (12%)
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It is suggested that a fluorophore may be added to (148) and Wadsworth-Emmons 
coupling performed on the conjugated product.
The target of synthesising a vinyl ether with a functionalised alkyl chain suitable 
for linkage to a range of fluorophores was achieved by tosylation of the 
ethylhydroxy phosphonate (145). Reaction with p-toluenesulphonyl chloride 
generated (150) which was then reacted with 2-adamantanone (90) under 
Wadsworth-Emmons conditions to give (151); the yield, however, proved poor.
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Reaction of (145)» followed by in situ tosylation increased the return of (151) to a 
moderate, but improved, yield of 20% {Scheme 4Çj.
TsO. TsO,
T(OMe)z (a)l.LDA, THFTsCl, EtgN, DCM
2. (90)
OTBDPS OTBDPS,
(151) (a) (5%)(b) (20%)(150) (55%)
(b) 1. LDA, THF 
2. (90)
3. TsCi
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Alkyl tosylates, like halides, can undergo nucleophilic substitution to give amides 
and ethers; or Finkelstein type "transhalogénation” reactions for replacement 
with a better leaving group such as bromide or iodide.
Reaction of C hem ilum inescent Probe (140) w ith  NADH
To be confident that the dioxetane containing phenol is a good enough leaving 
group from the conjugate (140) after NADH reduction, two analogous model 
reductions were carried out.
A methylquinoxalinium-bromonaphthyl conjugate (153) was prepared and 
subsequently methylated. The conjugate salt (154) was exposed to a four-fold 
excess of NADH at pH 7.5 and the reaction monitored {Scheme SO}- Both tic and 
nmr indicated that bromonaphthol is released upon reduction, giving an almost 
quantitative yield of the recovered 6-bromo-2-naphthol (152) (84%).
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MeSOgCF»1. NaOH, THF
(152)
(153) (52% )
CF3SO3
(154) (52%)
NADH (4eq) 
pH 7.5
(152) (84%)
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A second qualitative model reduction was carried out on (134), the 
quinoxalinium-vinyl ether conjugate salt prepared as a precursor to the dioxetane 
substrate. When exposed to NADH under identical conditions (4 eq, pH 7.5) tic 
indicated the release of the corresponding phenol (132) [Scheme 5i).
EtO.
NADH (4eq), pH 73
‘N+
OEt
OH
(132)
Schem e 51
The quoted chemiluminescence efficiency for analogous systems in DMSO is as 
high as 25%; however, previous studies also report extremely poor efficiency [ca. 
0.0008%) in aqueous systems, due to quenching of the ester fluorescence in 
aqueous conditions. Studies on the base triggering of (138), using 2M NaOH^q, 
concur with the literature and any signal produced in aqueous media has proved 
too weak for observation. The use of surfactant micellating agents such as 
cetyltrimethylammonium bromide (CTAB) or water-soluble macromolecules such 
bovine serum albumin (BSA), have been reported as enhancers of dioxetane 
luminescence. Attempts at acquiring such a weak signal, even after treatment 
with CTAB and BSA proved unsuccessful due to instrumental hmitations.
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The bioluminescence function of the Perkin-Elmer FL50B spectrofluorimeter 
records emission as photon count over a maximum period of 200ms. A more 
sensitive luminometer capable of recording the emission signal as a 10s average 
output, for example, is more appropriate for the kind of low emission work of 
this kind.
Chemical triggering of chemiluminescence from the model phenolic dioxetane 
was achieved by treating a lO^mol dm^ solution of (138) in DMSO, at room 
temperature, with a 10-fold excess of t-butyl ammonium hydroxide.
Ionisation of the phenol to generate the metastable oxyanion resulted in visible 
blue hght which lasted for 2-4 min. The overlaid fluorescence emission spectrum 
of ethyl-3-hydroxybenzoate (lO^mol dm^ at pH 9 0; 350nm) and the
luminescence spectrum of (133)» in base {.Figure 72), illustrates the source of 
excited state emission. In accordance with the hterature this emission, at 
450nm, is shown to be identical to the fluorescence emission spectrum of the 
cleavage product, ethyl 3-oxybenzoate (157).
Figure 72
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119
RESULTS AND DISCUSSION Chapters
In concurrence with the hterature the rate determining step appears to be the 
generation of the aryloxide. given that the rate of decomposition and hence half 
life of luminescence is dependant on the concentration of base.
Reaction of a lO^mol dm^ solution of the chemiluminescent reagent (140) in 
DMSO, at room temperature, with a 10-fold excess of NADH afforded no 
luminescent signal; however subsequent treatment of the reaction mixture with 
a 10-fold excess of t-butylammonium hydroxide produced faint but visible 
emission. Treatment of (140) with TBAOH alone did  nof generate a luminescent 
signal.
Figure 73
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The emission maximum for the chemiluminescence is 450nm verifying that, as 
expected, excited state ethyl-3-oxybenzoate (157) is the emissive species.
The results indicate that NADH promotes release of the phenohc dioxetane and 
that upon ionisation to the phenolate, chemiluminescence is triggered to form
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the singlet excited ester via an electron transfer process as described earlier in 
the chapter {^Scheme 5 ^ . It is suggested that the mechanism of release parallels 
that proposed for the release of methylumbelliferone (66) discussed in chapter 4, 
An incubation time of lOmin allows enough time for the relatively slow release of 
the phenol to take place prior to triggering of the luminescence.
•N+
(82)
NADH
■N+ Bra P ^ ,
(155)
(139)O.
IB]'
(90)
"  (156)
(Metastable Aryloxide Intermediate)
OEt
hv(À= 450jim)(157)
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Sum m ary
• With the synthesis of a novel chemiluminescent reagent for the detection of 
NADH, the basis of a new class of assay application, which utihses 1,2- 
dioxetanes, has been formulated. Development of the system into a useful 
analytical tool can proceed which, given the correct conditions and 
instrumentation, should have a broad dynamic range for the detection of 
cellular NAD(P)H levels.
•  In generating the novel substrate a previously unpublished route to two key 
phenolic enol ethers, (124) and (132), was developed. In addition, the
1 2 1
BESDLTS AND DISCDSSION________________________________________________________________________________________________ Chapter?
application of TiCl  ^ as a Lewis acid in the synthesis of simple short chain, a- 
alkoxy arylphosphonates was carried out and proved to be an excellent 
alternative method of generating the Wadsworth-Emmons ylid precursor. The 
generality of the reaction was depicted by the preparation of dimethyl-2- 
pyranyl phosphonate, suggesting that functionalisation of sugar moieties may 
benefit from this relatively mild transformation.
• The multifunctionality challenges that face most synthetic organic chemists 
were amply illustrated by the efforts to methylate a quinoxaline to give a base 
sensitive quinoxalinium, in the presence of an extremely acid labile group 
such as vinyl ether. Eventually it was found that performing the reaction over 
CaH was the only way to deal with the conflicting functional group properties; 
and the final photooxygenation step, to give the 1,2-dioxetane, proceeded well.
• Enhancement of the chemiluminescent yield has been shown to occur via 
energy transfer from the ester excited state to a fluorophore. Synthesis of an 
enol ether containing a functionalised alkyl chain has been synthesised which 
wiU allow conjugation of a fluorophore prior to photooxygenation to the final 
1,2-dioxetane. The tosylated linker can be used conjugation to a range of 
fluorophores and can therefore be considered a key divergent intermediate.
F u ture  W ork
• Further work is required to transfer the extremely promising results from the 
system in a non-aqueous environment to a viable aqueous system for in  vitro 
assay purposes. It is hoped that with the use of surfactant enhancers and a 
low emission detection system, comparable results to those recorded in DMSO 
will be obtained. A study of the mechanism of phenolate release, similar to 
that described in chapter 4  should be carried out and the results compared; as 
does an investigation into the effect of the quinoxaline system on 
chemiluminescence.
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• As proposed for the methylumbelliferone conjugate, a comparative study of 
the reaction between alternative heterocyclic conjugates and NADH is required 
for the development of a Stnicture-Activitÿ* type relationship and subsequent 
optimisation of the system. The phenolic vinyl ether (132) is a key reagent in 
such a divergent synthesis.
• Application of 1,2-dioxetanes containing tethered fluorophores to the 
conjugated quinoxalinium substrate is required for potential enhancement of 
the system.
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G eneral Techniques
Melting points (m.p.) were determined on a Kofler hot stage apparatus. They are 
quoted in degrees Celsius (°C) and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer System 2000 FUR spectrometer as either thin films or 
for solids, in chloroform solution or as a nujol mull. Visible/Ultraviolet 
absorption spectra were obtained using a Perkin-Elmer lamda 9 
spectrophotometer with sample cells of path length 10mm. NMR spectra were 
recorded on either a Bruker 300MHz spectrometer or a Jeol FX 270MHz 
spectrometer as solutions in deuterochloroform or otherwise as stated. Chemical 
shift values (5) are quoted in ppm and are relative to tetramethylsilane (TMS) 
(internal reference); coupling constants are given in Hz. ^H NMR spectra are 
assigned as follows:- s=singlet, d=doublet, t=triplet, q=quartet, m = multiplet, 
b=broad. Mass spectra were obtained either using an AEI MS902 mass 
spectrometer or from the EPSRC National Mass Spectrometry Service Centre in 
Swansea. Microanalytical determinations were performed by MEDAC Ltd and by 
the University of Surrey, Department of Chemistry, microanalysis service.
Thin layer chromatography (t.l.c.) was carried out on glass plates precoated to 
0.25mm with Merck Kieselgel 60 GF254. Column chromatography was carried out 
using Merck Kieselgel 60G and columns generally packed and run under pressure. 
Solvents used for chromatography were distilled before use and solvent ratios are 
described in ratios of volumes prior to mixing. Petroleum ether refers to the 
fraction of boiling range between 60-80°C and ether refers to diethyl ether 
throughout.
All starting reagents obtained from an external source had their purity checked by 
tic and NMR prior to use. Solvents were dried using the methods given by 
Perrin.^^^ Tetrahydrofuran (THF) was distilled from sodium wire using a 
benzophenone indicator immediately before use. Both dry chloroform and dry 
dichloromethane were obtained by distillation from calcium hydride and were 
stored, in the dark, over Linde type molecular sieves (4A). N-Bromosuccinimide 
(NBS) was freshly recrystallised from water and dried over phosphorous
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pentoxide, under vacuum, before use. Both trimethyl phosphite and triethyl 
phosphite were freshly distilled before use,
Spectrophotom etric Protocols
All fluorescence spectra and fluorescence time-drive plots were recorded on a 
Perkin-Elmer LS50B spectrofluorimeter loaded with FLwinlab software. 
Chemiluminescence emission spectra were recorded on a Perkin-Elmer LS50B 
spectrofluorimeter using the bioluminescence mode of the FLwinlab software. 
Samples for both fluorescence and chemiluminescence determination were made 
up in stoppered quartz cells of 10mm path length.
Stock solutions of reagents were made up on the day to a concentration of 1x10 ^  
mol dm ^  and the pH of the working solutions (made up to 2ml) measured before 
and after reaction. In all cases the pH remained at 7.5 both pre and post reaction.
For experiments on the reduction of resazurin (50) all and subsequent reactions 
were carried out using a Ix 10 ^  mol dm ^  solution of HEPES buffer, adjusted to pH 
7.5 by prior dropwise addition of 3M NaOH (aq). The excitation wavelength was 
set at 545nm and both the excitation and emission slitwidths were set to lOnm, 
For time drive experiments the emission wavelength was set at 583nm, the time 
interval set to 10 s and a response time of 0.1 s applied. For the non-stopped 
flow studies a well mixed solution containing the heterocyclic catalyst (either 
PMS^ (48) or riboflavin (55a)) and resazurin (50) was monitored using the time 
drive conditions prior to the removal of the cuvette (after 30-40 s), addition of 
NADH and mixing by vigorous shaking for 5 s and replacement of the cell in the 
machine for continued time drive analysis.
All spectrofluorometric studies carried out on methylumbelliferone (66) and the 
methylquinoxalinium-umbelliferone conjugate salt (80) were carried out in a 
solution of TRIS buffer (Ix 10^ mol dm^ adjusted to pH 7.5 by prior dropwise 
addition of 3M NaOH (aq)). The excitation wavelength was set at 350nm and 
both the excitation and emission slitwidths were set to lOnm.
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Reduction was carried out by addition of a ten-fold excess of NADH to a solution 
of (80) giving a working concentration of 1x10^ mol dm ^  for (80) and 1x10'^  mol 
dm ^  for NADH. The reaction mixture was kept in the dark and under an inert 
atmosphere of argon and aliquots (20pl) removed, diluted one hundred fold and 
the emission spectrum recorded. This was repeated every 2 min for 26 min.
Chemical triggering of chemiluminescence from a 1x10^ mol dm ^  solution of the 
prepared phenolic dioxetane (132) in DMSO was effected by addition of an 
excess of a 1x10 ^  mol dm ^  solution of tetra-N-butylammonium hydroxide in 
DMSO (ca. 1ml to 1ml of dioxetane solution) and vigorous shaking of the cuvette. 
The emission spectrum was recorded immediately.
Reaction of 1x10'* mol dm^ solution of the quinoxahnium-dioxetane conjugate 
salt (140) in DMSO with a ten-fold excess of NADH in DMSO was carried out in a 
cuvette. A ten-fold excess of tetra-N -butylammonium hydroxide in DMSO was 
added to the reaction mixture and the emission spectrum recorded immediately. 
The emission slitwidths were set at lOnm for all chemiluminescent emission 
spectra.
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Synthesis of phenazln ium  m ethosu lphate  (48)168
CH3OSO3
A solution of phenazine (5.00g, 27.7mmol) in freshly distilled dimethyl sulphate 
(26.00ml, 274.0mmol) was heated to 80°C, in the dark, under nitrogen, for lOmin. 
The solution was cooled and the product precipitated by addition of an excess of 
dry ether. Vacuum filtration and recrystalisation from hot ethanol afforded the 
title compound as a yellow crystalline solid (7.29g, 86%) mp. 160°C (dec.) (lit.^ *^^®^ 
158-160°C (dec.)); ÔhIDôDMSO] 3-36 (3H, s, NCH^), 8.34 (4H, t, J 9, ArH), 8.92 (4H, 
d, J 9, ArH); m/z (El) 196 (MH+), 195 (M+), 181 (MH^-CH^), 180 (M -^CH )^ (Found: 
C, 54.75; H, 4.54; N, 9.07. requires C, 54.89; H, 4.61; N, 9.14%).
Synthesis of 2-m ethylquinoxaline (68 )^ ®^
To 40% pyruvic aldehyde (aq.) (26.00g, 360.0mmol) diluted with water (46ml) was 
added sodium metabisulphite (23 20g, 122.0mmol). The resulting solution was 
added to a vigorously stirred solution of 1,2-phenylene diamine (10.20g, 
94,0mmol) in water (52.00ml). The mixture was stirred at room temperature, 
under nitrogen, for 18h. The dark solution was basified to pH 10 by careful 
addition of sodium carbonate (20.00g) and extracted into ether (3x30ml). The 
ethereal solution was dried over sodium sulphate and evaporated in  vacuo. 
Purification by vacuum distillation afforded the title compound as a colourles oil 
(12.38g, 91%), bp.l25-126°C (llmmHg) (lit.^ ""^ ) 245-247°C (760mmHg)); ÔhCCDCIJ
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2.75 (3H, s, ArCHg), 7.65-7.74 (2H, m, ArH), 7.90-8.07 (2H,m, ArH); m/z (El) 143 
(MH^), 142 (M^) ); accurate mass found: 159.2104, CioH^Nz^ requires 159.2103.
Synthesis of 1,3-d im ethylquinoxalin ium  iodide (69)
•N+
A solution of (68) (l.OOg, 6.94mmol) in distilled iodomethane (3.00ml, 
48.19mmol) was stirred at room temperature, under argon and in the dark, for 
24h. The filtered soUd was dissolved in a few drops of acetonitrile before 
precipitation with an excess of dry ether. Filtration of the solid afforded the title  
com pound as a powdery yellow soUd (1.62g, 82%), mp. 125-127°C (dec); ônLCDCy 
2,92 (3H, s, CH3), 4.67 (3H. s, NCH3), 2.23-2.27 (2H, m, ArH), 8.41 (IH, d, J 8, ArH), 
8.56 (IH,. d, J 8, ArH), 9 61 (IH, s, ArH); m/z (FAB) 160 (MH+). 159 (M+), 145 
(MH^-CHg); accurate mass found: 159.2104, CioH^Nz^ requires 159 2103.
Synthesis of l,3-dim ethyl-2-hydroquinoxaline (71)
A biphasic mixture of NADH (0.l6g, 0.2mmol) in water (2.00ml) and chloroform 
(6.00ml), was stirred vigorously under argon, in the dark, at room temperature. A 
solution of (69)(0.06g, 0.2mmol) in water (2ml) was added dropwise over 5min 
and the emulsion allowed to stir for 20min. The organic layer was separated and 
dried over sodium sulphate and the solvent removed in  vacuo to afford the title  
com pound as a dark red powdery solid (0.018g, 50%), mp. 96-99°C; BgECDCy 2.13 
(3H, s, CH3), 2.76 (3H. s, NCH3), 3.73 (2H, s, CH )^, 6.61 (IH, d, J, 8, ArH), 6.75 (IH,
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t  J 8, ArH), 7.08 (IH, t, J 8, ArH), 7.21 (IH, d, J 8, ArH); m/z (El) 161 (MH+), 160 
(M+), 145 (M^-CHj) (Found: C, 74.91; H, 7.31; N, 17.48. CioHi^N  ^requires C, 74.96; 
H, 7.55; N, 17.48%).
Synthesis of 2-brom om ethylquinoxaline (75)
A mixture of (68) (2.00g, 13 9mmol), N-bromosuccinimide (7.4.0g, 41.6mmol) 
and benzoyl peroxide (0.30g, 1.2mmol) in CCI4 (70ml) was refluxed at 80°C for 4h 
(N.B. careful monitoring by tic indicated when the starting material had 
completely reacted). The succinimide by-product was filtered and the filtrate 
evaporated in  vacuo. Immediate purification by column chromatography (using 
100% DCM as the elutant) reduced the risk of decomposition and afforded the 
title  com pound as a pale blue, powdery solid (2.01g, 65%), m.p. 73-74°C; 
(CHCI3 soln.) 2990, 1559 (aryl C=C), 1494 (aryl C=C), 1216, 1201, 982, 757, 667 
cm '; ônlCDCy 4.74 (2H, s, CH )^, 7.77-7.78 (2H. m. ArH), 8.05-8.14 (2H, m, ArH). 
9.00 (IH, s, ArH); m/z (FAB) 225/223 (1:1 ratio, M+), 143 (M^-Br) (Found; C, 48.58; 
H, 3.41; N, 12.66. CpHyBrN^  requires C, 48.46; H, 3.16; N, 12.55%).
Synthesis of 4-m ethyl-7-(2-quinoxalinylm ethylene)oxy coum arin  (78)
.N,
N
To a solution containing sodium hydroxide (0.18g, 4.5mmol) and 7-hydroxy-4- 
methylcoumarin (0.80g, 4.5mmol) in 95% tetrahydrofuran (aq.) (42ml) was added
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(75) (1.00g, 4.5mmol). The mixture was refluxed at 85°C, under nitrogen, in the 
dark, for I6h. The bulk of the original solvent was removed in  vacuo and the 
dark mixture taken up into dichloromethane. Washing the organic extract with 
2M sodium hydroxide (aq.) (Ix30ml) and brine (2x30ml) before drying over 
sodium sulphate and evaporation in  vacuo afforded a dark red solid. Purification 
by column chromatography using 98% dichloromethane/methanol and 
recrystallisation from hot methanol gave the title  com pound as a colourless 
crystalline solid (0.91, 64%), mp. 211-213°C; ÔhICDCIJ 2.40 (3H, s, CH3), 5.49 (2H, 
s, CHJ, 6.16 (IH, s, ArH), 6.98 (IH, s, ArH), 7.04 (IH, d, J 9, ArH), 7-52 (IH, d, J 9, 
ArH), 7.78-7.82 (2H. m. ArH), 8.10-8.16 (2H, m, ArH), 9 03 (IH, s, ArH); m/z (FAB) 
637 (2M++H), 319 (MH+), 144 (M -^CioH^O )^; (Found; C, 71.78; H, 4.45; N, 8.64. 
C19H14N2O3 requires C, 71.69; H, 4.43; N, 8.80%).
Synthesis of 4-m ethyl-7-(4-m ethyl-2-quinoxalinium  m ethylene)oxy 
coum arin iodide (79).
A solution of (78) (0.25g, 0.8mmol) in distilled iodomethane (2.00ml, 32.1mmol) 
was stirred at room temperature, under argon and in the dark, for 48h. The 
solvent was removed and the gum dissolved in a few drops of dry acetonitrile 
before precipitation with an excess of dry ether. Filtration of the solid afforded 
the title  com pound as a brick red solid (0.04g, 11%), %), mp. 197-200°C; SglCDCy 
2.43 (3H, s, CH3), 4.78 (3H, s, NCH3), 5.77 (2H, s, CHJ, 6.28 (IH, s, ArH), 7.21 (IH, 
d, J 9, ArH), 7.25 (IH, s, ArH), 7.80 (IH. d, J 9, ArH), 8.27-8.35 (2H. m. ArH), 8.51 
(IH, d, J 8, ArH), 8.64 (IH, d, J 8, ArH), 9 86 (IH. s. ArH); m/z (FAB) 334 (MH+), 333 
(M^); accurate mass found; 333 3659, CzoH^ yNgOg"^  requires 333 3659.
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Synthesis of 4-m ethyl-7-(4-m ethyl-2-quinoxalinium  m ethylene) oxy 
coum arin trifluoro  m eth an esu lp h o n a te  (80).
CF3 SO 3
To a solution of (78) (0.25g, 0.8mmol) in dry chloroform (5ml), under argon, in 
the dark, was added methyl trifluoromethanesulphonate (0.76ml, 3.2mmol). The 
mixture was stirred at room temperature for 24h. The solvent was removed and 
the gum dissloved in a few drops of dry acetonitrile before precipitation with an 
excess of dry ether. Filtration of the solid afforded the title  com pound as a 
powdery yellow solid (0.32g, 83%),mp. 195-198°C; ÔhICDCIJ 2.42 (3H, s, CH3), 4.78 
(3H, s, NCH3), 5.77 (2H, s. CHJ, 6.27 (IH, s, ArH), 7.21 (IH, d, J 9, ArH), 7.25 (IH, 
s, ArH), 7.80 (IH, d, ] 9, ArH), 8.27-8.35 (2H. m. ArH), 8.5 I (IH, d, J 8, ArH), 8.64 
(IH, d, J 8, ArH), 9 85 (IH. s, ArH); m/z (FAB) 334 (MH+), 333(M+) 158 (M+- 
C10H7O3) (Found: C, 52.16; H, 3.54; N, 5.58; S, 6.66. C21H17F3N2O3S requires C, 
52.58; H, 3.55; N, 5.80; S, 6.65%).
Synthesis o f adam antyl adam anty lidene (91)1 7 0
Using flame dried glassware a solution of LiAlH  ^ (0.42g, ll.Ommol), in dry THF 
(25ml), under argon, was cooled to -78°C. TiClg (l.OM in DCM/THF (2:1)) 
(12.00ml, 12.0mmol) was added slowly, the solution warmed to room 
temperature and triethylamine (1.50ml, 18.0mmol) added. The dark solution
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was heated to reflux for 4h. A mixture of 2-adamantanone (0.27g, l.Smmol), and 
methyl benzoate (0.25g, l.Smmol) in dry THF (13ml) was added dropwise over 8h 
and reflux maintained for a further 16h. The cooled solution was quenched by 
careful addition of a methanol (2ml)/ water (14ml) mixture before dilution with 
ether (80ml) and filtration to remove any solids. The ethereal solution was 
washed with brine (4x30ml)and water (30ml) before drying over sodium sulphate 
and removal of the solvent in  vacuo. Purification by column chromatography 
using 10% ethyl acetate/hexane as the elutant afforded the title compound as a 
colourless powdery solid (0.43g, 90%), mp.l83-184°C (lit.'^' 184-187°C); 
(CHCI3 soln.) 2972, 2910, 2855, 1201, 906, 778cm '; SnlCDCy 1.95-1.55 (24H, m, 
adamantyl-H), 2.89 (4H. s, adamantyl-H), m/z(EI) 269 (MH+), 268 (M+), 135 
(CioHig )^, 91 (CyH^ )^; accurate mass, found 268.2190, CzoHgg requires 268.2191.
Synthesis of d ie th y H -p h en y lm e th an ep h o sp h o n ate  (92).'^^
O
A mixture of benzyl bromide (5.00ml, 20.3mmol), triethyl phosphite (3.22ml, 
20.3mmol) and finely powdered nickel metal (0.1 Og, 1.7mmol, 0.08 eq) was 
heated to 90°C for 3h. The cooled solution was diluted with dichloromethane 
and treated with conc. ammonium hydroxide (—3ml) (to remove any unreacted 
benzyl bromide). The organic solution was washed with dilute HCl (lx20ml) and 
brine (2x20ml), dried over sodium sulphate and the solvent removed in  vacuo. 
The crude product, an orange oil, was purified by vacuum distillation to afford 
the title compound as a colourless oil (1.79g, 39%), bp. 105-110°C/lmmHg (lit.'^^ 
106-108°C/lmmHg), (thin film) 2982, 1450, 1394, 1250 (PO), 1028 (POCH3), 
960, 700 cm '; ô^ECDCy 1.24 (6H, t, J 6, CH3), 311 (2H, d, J 22, PCHJ, 4.00 (4H, dq, 
h 11 J2 6, CHj, 7.29-7.34 (5H, m, ArH); ); 229(MH+), 228(M+); 199(M+-CA), 
109(M^-C4HioP03); accurate mass, found 228.0912, C11H17O3P requires 228.0912.
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Synthesis of dim ethyl-1-pheny lm ethanephosphonate
O
To benzyl bromide (10,00ml, O.lmol), heated to 140-160°C, was added trimethyl 
phosphite (11.00ml, O.lmol, 1 eq) dropwise over 1.5h and the mixture stirred for 
a further Ihr. The pale yeUow oil was purified by immediate vacuum distillation 
to afford the title compound as a colourless oil (10.40g, 62%) bp. 145°C/10mmHg 
(lit.""  ^ llS-120°C/2mmHg); (thin film) 2982, 1420, 1394, 1248 (PO), 1028 
(POCH,), 1003, 962, 700 cm \ ônlCDCy 3.1 (2H, d, J 22, CH )^, 3.6 (6H, d, J 13, CH )^, 
7.26-7.31 (5H, m, ArH); m/z(EI): 201(MH+), 200(M+); 185(M+-CHg), 109(M+- 
CjHôPOg); accurate mass, found 200.1735, CgH^ gO^ P requires 200.1737.
Synthesis of l-phenylm ethane-2-adam anty lidene (94).174
To diisopropylamine (2.00ml, 14.0mmol) in dry, THF (10ml), under dry nitrogen, 
at -78°C, was added n-butyl lithium (9.00ml, 14.0mmol) slowly via a syringe and 
the mixture stirred for 30 min. A solution of (93) (2.60g, 13.0mmol) in THF (4ml) 
was added and the pale yellow solution stirred for a further 45min, keeping the 
temperature below -75°C. 2-Adamantanone (2.00g, 13 0mmol) was added and the 
stirred mixture allowed to warm to room temperature. After 6h the reaction was 
quenched by adding 3M HCl (2ml) and the mixture partitioned between brine 
and DCM, The organic layer was washed with water, dried over sodium sulphate 
and the solvent removed in  vacuo. The resulting yellow oil was purified by flash 
column chromatography (using 5% EtOAc/40-60 petrol) and low temperature 
recrystallisation from acetonitrile to afford the title compound as a colourless
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crystalline solid (1.36g, 47%), mp.l01-102°C (lit.'"" 102°C); (CHCI3 soin.) 3018, 
2910, 1625, 1588, 1216, 768 cm '; ôaECDCy 1.80-1.98 (12H, m, adamantyl-H), 2.49 
(IH, s, adamantyl-H), 315 (IH, s, adamantyl-H). 6.17 (IH, s, CH), 7.12-7.29 (5H, m, 
ArH); m/z(EI): 225(MH+), 224(M"^), 9KM+-CyH;) (Found: C, 91.09; H, 8.97. C.jR^o 
requires C, 91.01; H, 8.97%).
Synthesis of benzaldehyde dim ethylacetal (95)^ ^^
OMe
Using a flask with an attached side arm condenser, a mixture of benzaldehyde 
(40.00ml, 392.0mmol), 2, 2-dimethoxypropane (100.00ml, 812.0mmol, 2.eq) and a 
few crystals of p-toluenesulfonic acid was heated to 70°C until no more of the 
acetone by-product was generated (~2.5h). The orange oil was washed with 
NaHCO^, extracted into DCM and the organic layer washed twice with water 
before drying over sodium sulphate. The product was purified by vacuum 
distillation to yield the title compound as a colourless oil (50.312g, 84%), bp. 59- 
61°C/ 3mmHg (lit.'"^87-89°C/18mmHg), (thin film) 2828, 1202 (COC), 1054, 
760. 700 cm '; ^JCDCI^] 332  (6H, s, CH )^, 5.38 (IH, s, CH), 7.28-7.38 (5H, m, ArH); 
m/z(EI) 153 (MH+), 152 (M+), 106 (C^CHO); accurate mass, found 152.1926, 
C9HJ2O2 requires 152.1926.
Synthesis of 3-tolualdehyde d im ethylacetal (96)176
OMe
OMe
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Using a flask with an attached side arm condenser a mixture of m-tolualdehyde 
(7.00ml, 59.0mmol), 2,2-dimethoxypropane (15.00ml, 122.0mmol) and a few 
crystals of p-toluenesulfonic acid was heated to 70°C until no more of the 
acetone by-product was generated (ca. 5h). The remaining 2,2-dimethoxypropane 
was distilled off, the dark brown oil diluted with DCM and washed with IM 
NaHCOg(aq) and water. The organic layer was dried over sodium sulphate and 
the solvent removed in  vacuo to yield a brown oil. Purification by vacuum 
distillation yielded the title compound as a pale yellow oil (5.48g, 56%), bp. 
60°C/lmmHg (lit.'"® 140-142/20mmHg); 2953, 2830, 1454, 1355, 1205, 1105
(COC), 1054, 981, 746, 701 cm '; ÔhECDCIJ 2.35 (3H, s, ArCH^),. 3.32 (6H, s, OCHg), 
5.34 (IH, s, CH), 7.12 (IH, t, J 8, ArH), 7.23-7.26 (3H, m, ArH); m/z(EI) 166 (M"^ ), 
151(M^-CHg), 135 (M^ -^OCHg); accurate mass, found 166.2034, C10H14O2 requires 
166.2194.
Synthesis of d im ethy l(l-m ethoxy-l-phenyI)m ethanephosphonate  (97)'^ ®^
OMe
P(OMe)z
A mixture of (95) (38.00g, 249 0mmol), trimethyl phosphite (30.50ml, 258.0mmol, 
leq) and TMSCl (64.00ml, 504.0mmol, 2eq) was stirred, under nitrogen, for 68h. 
The resulting yellow oil was purified by vacuum distillation to give the title 
compound as a pale yellow oil (40.10g, 70%), bp. 124°C/0.2mmHg (Ht.'^ ® 111- 
113‘^ C/0.3mmHg); (thin film) 2954, 1258 (PO), 1186 (CO), 1034 (POCH3), 777, 
712 cm '; ÔaECDCy 3 38 (3H, s, OCH^), 3.63-3.71 (6H, m, POCH^), 4.5 (IH, d, J 17, 
CH), 7.36-7.45 (5H, m, ArH); m/z(EI) 230 (MH+), 229 (M+), 121 (C2H6PO^C+), 108 
(M"^ - CgH^POgC )^; accurate mass, found 230.2001, C10H15O4P requires 230.1999.
136
EXPERIMENTAL DETAILS
Synthesis of d im ethy l (l-m ethoxy-l-(3-m ethyIphenyl)m ethane 
phosphonate  (98 )^ ®^
OMe
A mixture of (96) (3-OOg, IS.Ommol), trimethyl phosphite (2.80ml, IÇ.Ommol) and 
TMSCl (5.00ml, 39.0mmol) was stirred at 25°C under an atmosphere of nitrogen 
for 56h. Vacuum distillation of the orange oil yielded the title compound as a 
pale yellow oil (2.30g, 52%), bp. 134°C/0.2mmHg;.v^a^ (thin layer) 2956, 2854, 
1462, 1245 (PO), 1184 (COC), 1036 (POC), 828, 700 cm '; ÔhICDCIJ 2.37 (3H, s, 
ArCHj, 3.57 (s, 3H, OCH^), 3.73-3.65 (6H, m, POCH )^ 4.5 (IH, d, J 18, CH), 7.14 
(2H, d, J 8, ArH). 7.22-7.29 (3H, m, ArH); m/z(EI) 244 (M+), 229(M+-CHg), 121 
(CgH^POgC )^; accurate mass, found 244.2187, C i^Hi^O^P requires 244.2267.
Synthesis of l-m ethoxy-l-phenylm ethane-2-adam antylidene (99)177
OMe
Under a blanket of scrubbed Ng, diisopropylamine (10.00ml, 71.5mmol), in dry, 
redistilled THF (50ml), was cooled to -78°C and n-butyl lithium (45 00ml, 
71.5mmol) added slowly via a syringe. The pale yellow solution was stirred 
keeping the temperature below -75°C. After 30min a solution of (97) (lO.OOg, 
43-5mmol) , in THF (10ml), was added and the pale yellow solution stirred at - 
78°C for 50min. 2-Adamantanone (6.65g, 44.2mmol) was added, the mixture 
allowed to warm to room temperature ('~20°C) whilst stirring for 6h.
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The reaction was quenched by adding 3M HCl (10ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
yellow, granular oil was purified by flash column chromatography (using 5% 
EtOAc/40-60 petrol) to yield a fluffy white solid. Recrystalhsation from cold 
pentane gave the title compound as a white crystaUine solid (6.79g. 61%), mp. 88- 
89°C (ht.'^7 92°C); (CHCI3 soln.) 3020, 2900, 1658 (C=COCH^), 1580, 1448, 
1270, 1080, 786 cm '; ÔhICDCIJ 1,78-1.97 (12H, m, adamantanyl-H), 2.61 (IH, s, 
adamantanyl-H), 3 26 (IH, s, adamantanyl-H), 3 28 (3H, s, OCH3), 7-26-7.36 (5H, m, 
ArH); m/z(EI) 255(MH+), 254(M^) (Found: C, 84.96; H, 8.72. requires C,
84.99; H, 8.72%).
Synthesis of l-m ethoxy-l-(3-m ethylphenyl)m ethane-2-adam antylidene 
(100)
OMe
Under a blanket of scrubbed nitrogen, diisopropylamine (2.00ml, 14.3mmol) in 
dry, redistilled THF (10ml) was cooled to -78°C, to which n-butyl lithium (9.00ml, 
14.3mmol) was added slowly via a syringe. The pale yellow solution was stirred 
for 30min before a solution of (98) (1.99g, 8.2mmol), in THF (2ml), was added 
and stirring continued, keeping the temperature at -78°C, for 35m. 2-
Adamantanone (1.23g, 8.2mmol) was added and the mixture allowed to warm to 
room temperature (20-25°C) whilst stirring for 4h.
The reaction was quenched by adding 3M HCl (3ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
yellow granular oil was purified by column chromatography (using 5% EtOAc/40-
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60 petrol) to yield a colourless oil which solidified on standing and was 
recrystalhsed from pentane to give the title  com pound as a white crystalline solid 
(0.56g, 25%), mp. 77-80°C; (CHCl  ^ soln.) 2910, 2848, 1447, 1215 (COC), 1098, 
1081 (COC), 803. 760, 667 cm '; SgECDCy 1.97-1-78 (12H, m, adamantanyl-H), 2.36 
(3H, s, Ar-CH )^, 2.61 (s, IH, adamantanyl-H), 3 25 (IH, s, adamantanyl-H), 3.29 
(3H, s, OCH3), 7.08-7.12 (3H, m, ArH), 7.25 (IH, t, J 8, ArH); m/z(EI) 269 (MH+), 268 
(M l, 253(M+-CH3) (Found; C, 88.92; H, 9.16. C^ çH^ ^O requires C, 85-03; H,
9.01%).
Synthesis o f 1-m ethoxy-l-phenylm ethan- 9-fluorenylidene (102)178
OMe
Under a blanket of scrubbed Ng, diisopropylamine (10.00ml, 71-5mmol), in dry, 
redistilled THF (50ml), was cooled to -78°C and n-butyl lithium (45-OOml, 
71.5mmol) added slowly via a syringe. The pale yellow solution was stirred 
keeping the temperature below -75°C. After 30min a solution of (97) (lO.OOg, 
43.5mmol), in THF (10ml), was added and the pale yellow solution stirred at - 
78°C for 50min. 9-Fluorenone (7-96g, 44.2mmol) was added, the mixture allowed 
to warm to room temperature (—20°C) whilst stirring for 6h.
The reaction was quenched by adding 3M HCl (10ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
yellow granular oil was purified by flash column chromatography (using 5% 
EtOAc/40-60 petrol) to yield a fluffy white solid. Recrystallisation from cold 
pentane gave the title compound as a white crystaUine solid (6.79g, 61%), mp. 
104°C (lit.'^' 110°C); (CHCI3 soln.) 3018, 2920, 2864, 1689 (COCH3), 1610, 
1420, 1272, 1098, 756 cm '; ôalCDCy 3-65 (3H, s, OCH3), 6.21 (IH, d, J 8, ArH),
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6.86 (IH, t, J 8, ArH), 7.14 (IH, t, J 8, ArH), 7.37 (3H, m, ArH), 7.50 (2H, m, ArH), 
7.56 (3H. m, ArH), 7.71 (IH, d, J 8, ArH), 7.79 (IH, d, J 8, ArH), 8.34 (IH, d, J8, 
ArH); m/z(EI) 255(MH+), 284(M+) (Found: C, 88.04; H, 5 68. QgHzzO requires C, 
88.20; H, 5.92%).
Synthesis o f 3-benzyloxybenzaldehyde (103)179
A mixture of 3-hydroxybenzaldehyde (8.20g, 670mmol,), K2CO3 (lO.OOg, 
72.0mmol), benzyl chloride (lO.OOg., 78.0mmol) and Nal (0.20g) in 95% MeCN(aq) 
(30ml) was refluxed for 4.5h. The mixture was diluted with water (20ml) and the 
MeCN removed under reduced pressure; the resulting solution was poured into a 
mixture of IM NaOH(aq) and ice. The solid product was crushed, filtered and 
washed with cold water before drying in an oven at 120°C. Recrystalisation from 
hot ether afforded the title compound as a colourless powdery solid (13 78g, 
97%). mp. 52-53°C (lit.'^" 51-52°C); (CHCI3 soln.) 3034, 1697 (CO), 1595. 1455. 
1261 (COC), 1146, 1020 (COC), 742, 697 cm '; ônECDClj 5.13 (2H, s, CH )^. 7.25 (IH, 
s, ArH), 7.36-7.47 (8H, m, ArH). 9.97 (IH, s, CHO); m/z(EI) 212 (M+); 121 (M -^C^H )^ 
91 (CyHy^ ) accurate mass, found 212.2482, C14H12O2 requires 212.2476.
Synthesis of 3“(toIuene-4-sulfonoxy) benzaldehyde (104)'®°
OTos
A mixture of 3-hydroxy benzaldehyde (8.00g, 65.6mmol), p-toluene sulfonyl 
chloride (12.60g, 66,0mmol) and pyridine (15.00ml, 185.0mmol) was heated on a
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water bath to ca.lOO°C for 15mm. The mixture was poured into cold water and 
stirred until the oil solidified. The filtered solid was washed with cold dilute 
HCl(aq) then with cold dilute NaOH(aq) and finally with cold water before drying in 
a vacuum pistol to yield the title compound as an off white crystalline solid- 
(12.02, 66%), mp. 60-62°C (lit.'=° 63‘^ C); (CHCI3 soln.) 3026, 2841, 1705 (CO), 
1585, 1448, 1377 (SO), 1220 (COC), 1178 (SO), 1121, 1093 (COC), 820, 758, 667 cm 
ônLCDCy 2.45 (3H, s, CH3), 7.30-735 (3H, m, ArH), 7.41 (2H, m, ArH), 7.71 (2H, 
d, J 9, ArH), 7.78-7.79(2H, m, ArH), 9.93 (IH, s, CHO); m/z(EI) 277(MH+), 276(M+), 
121 (CyHgOg^ ), 91 (C7H /)  accurate mass, found 276.0456, C^HiyO^P requires 
276.3064. (Found: C, 6O.9I; H, 4.36; S, 11.61. C^H^^O^S requires C, 60.86; H, 4.38; 
S, 11.60%).
Synthesis of 3-(4-methoxy benzyloxy) benzaldehyde (105)
MeO
A mixture of 3-hydroxy benzaldehyde (5.00g, 40.9mmol), K^ COg (6.00g, 
43 4mmol), 4-methoxy benzyl chloride (5 78g, 36.9mmol) and Nal (0.35g, 
2.4mmol) in 80% MeCN(aq) (100ml) was refluxed for 4.5h. The mixture was 
diluted with water (60ml) and the MeCN removed under reduced pressure and 
the resulting slurry was extracted into CHCI3 and washed with IM NaOH 
containing ice (ca.lOg). Subsequent washing with water, drying over NagCOg and 
removal of the solvent in  vacuo afforded the title  com pound as a pale yellow oil 
which solidified on standing to an off white powdery solid (7*95g, 80%), mp. 74- 
76°C ; (CHCI3 soln.) 3020, 2839 (COCH3), 1698 (C=0), 1588, 1216 (C=COCH3), 
756. 669 cm '; ôniCDCy 3 82 (3H, s, OCH3), 5*05 (2H, s, CH )^, 6.92 (2H, d, J 9, ArH), 
7.23 (IH, m, ArH), 7.36 (2H, d, J 9, ArH), 7.46-7.41 (3H, m, ArH). 9.97 (IH, s, CHO); 
m/z (El) 243 (MH+); 242 (M l; 138 (CgH^O^Hl, 121 (M+.C7H3O2); (Found: C, 74.29; 
H, 5.82. C15H14O3 requires C, 74.36; H, 5.82%).
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Synthesis of 3-benzyloxy benzaldehyde d im ethyl acetal (106)
OMe
OMe
Using a flask with an attached side arm condenser a mixture of (103) (2.31g, 
10.9mmol); 2, 2-dimethoxypropane (5.00ml, 56.7mmol), a few crystals of p- 
toluenesulfonic acid (and acetone (0.5ml) to aid dissolution) was heated to 70°C 
until no more of the acetone by-product was generated (ca. 2.5hours). The orange 
oil was washed with NaHCO^, extracted into DCM and the organic layer washed 
twice with water before drying over sodium sulphate. The product was purified 
by vacuum distillation to yield the title  com pound as a pale yellow oil (2.3Ig, 
82%). bp. 165°C/ ImmHg; 3018, 2926, 2836 (COCH,); 1588, 1244 (C=COCH), 
1168 (COCH3), 766, 688 cm '; gglCDClj 3 32 (6H, s, OMe), 5.07 (2H, s, CHJ, 
5.35(1H, s, CH), 6.90 (IH, d, J 8, ArH), 7.02 (IH, d, J 8, ArH), 7.23-7.30 (2H, m, ArH), 
7.35(2H, t, J 8, ArH), 7.40-7.42 (2H, m, ArH); m/z(EI) 259 (MH+),258 (M+), 227 (M+- 
OCHg),l67 (M^ -CyHy) 91 (CyHy^ ) accurate mass, found 258.3165, Ci^ H^ gOg requires 
258.3164.
Synthesis of 3-(toluene-4-sulfonoxy) benzaldehyde d im ethy l acetal (107)
OMe
OMe
OTos
Using a flask with an attached side arm condenser a mixture of (104) (4.00g, 
14.5mmol); 2, 2-dimethoxypropane (5.00ml, 56.7mmol), a few crystals of p-
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toluenesulfonic acid (and acetone (0.5ml) to aid dissolution) was heated to 70°C
until no more of the acetone by-product was generated (—2^/2 hours). The
orange oil was washed with NaHCO^, extracted into DCM and the organic layer 
washed twice with water before drying over sodium sulphate. The product was 
purified by vacuum distillation to yield the title  com pound as a pale yellow oil 
(3.27g. 70%). bp. 189-190°C/ 2mmHg; 3032, 2942, 2828 (COCH )^; 1545, 1368 
(SO), 1259 (C=COCH), 1188 (SO), 1175 (COCH )^, 1096 (COC), 768, 678 cm '; 
SnlCDCy 2.43 (3H, s, CH,), 3.23 (6H, s, OMe), 5.31 (IH, s, CH), 6.98 (IH, d, J 8, 
ArH), 7.05 (IH, s, ArH), 7.29-7.32 (4H, m, ArH), 7.70 (2H, d, J 9, ArH); m/z(EI) 
323(MH+); 322(M+); 291 (M^-CH^O), 91 (C^H/) accurate mass, found 322.3752, 
Ci^HigOjS requires 322.3752.
Synthesis of 3-(4-methoxy benzyIoxy)benzaldehyde d im ethylacetal (108)
OMe
OMe
MeO
Using a flask with an attached side arm condenser a mixture of (105) (2.00g, 
8.3mmol); 2,2-dimethoxypropane (15.00ml, 121.9mmol) and a few crystals of p- 
toluenesulfonic acid was heated to 70°C until no more of the acetone by-product 
was generated (ca. 2.5h). The orange oil was washed with NaHCO^, extracted into 
DCM and the organic layer washed twice with water before drying over sodium 
sulphate and removal of the solvent in  vacuo to yield a dark orange oil. 
Purification by vacuum distillation afforded the title  com pound as a yellow oil 
(1.92g, 81%). (bp. 198-200°C/ 20mmHg). (CHCI3 3020, 2936, 2834 (COCH3); 
1586, 1249 (=C0 CH3), 1175 (COCH3), 760, 699 cm '; ônlCDCy 3.24 (6H, s, OCH3),
3.71 (3H, s, ArOCH3), 4.90 (2H, s, CHJ, 5.28 (IH, s, CH), 6.80 (2H, d, J 9, ArH), 6.96 
(IH, d, J 8, ArH); ). 7.02 (IH, s, ArH), 7.16-7.22 (2H, m, ArH), 7-26 (2H, d, J 9, ArH );
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m/z(EI) 288 (M+), 287 (M+-H); 257 (M+.OCH^); 121 (C A O /); accurate mass, 
found 2883424, requires 2883426.
Synthesis of d im ethy l (1-methoxy, l-[3-benzoxy]phenyl)m ethane 
p ho sp h o n ate  (109)
OMe
A mixture of (106) (2,00g, 7.79mmol), trimethyl phosphite (1.50ml, 12.6mmol) 
and trimethylchlorosilane (2.00ml, 15.8mmol) was stirred, under an atmosphere 
of N2» for 80h. The resulting yellow oil was purified by vacuum distillation to 
give the title  com pound as a viscous yellow oil (1.77g, 68%), bp. 230- 
232°C/3mmHg; (thin fim) 2954. 2826, 1599, 1452, 1259 (PO), 1182, 1153 
(COC). 1032 (POC), 740, 696 cm '; ÔhECDCIJ 337 (3H, s, COCH^), 3-63-3-71 (6H, m, 
POCH^), 4-5 (IH, d, J 18, CH), 5-08 (2H, s, CHJ, 6.95 (IH, d, J 8, ArH), 7-02 (IH, d, J 
8, ArH), 7-10-7-45 (6H, m, ArH); m/z(EI) 337(MH+); 336(M+); 91 (C^H/): accurate 
mass, found 336.3237, C^AiOgP requires 336.3237-
Synthesis of d im ethy l (1-methoxy, l-[3-(4-toluenesulfonoxy)phenyl]) 
m eth an ep h o sp h o n ate  (110)
OMe
P(OMe)
TosO
A mixture of (107) (2.l6g, 6.8mmol) and trimethyl phosphite (0.88ml, 7-5mmol) 
and trimethylchlorosilane (0.86ml, 14.2mmol) was stirred at 25°C under an
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atmosphere of nitrogen for 60h. Vacuum distillation of the orange oil yielded the 
title  com pound as a pale yellow oil (1.32g, 52%), bp 190°C/ ImmHg; (thin 
film) 2957, 2829, 1376 (OSOJ, 1258 (P=0), I I 9KOSO2), 1179 (CO);1035 (POCH,), 
787, 739 cm '; ÔhICDCIJ 2.34 (3H, s, CH )^. 3-31 (3H, s, OCHg), 3-67 (6H. dd. h 3, h  
11, POCHj), 4.48 (IH, d, J 16, CH), 6.67, (IH, d, J 8, ArH), 7-10 (IH, s, ArH), 7-28- 
7.33 (4H, m, ArH). 7-70 (2H, d, J 9, ArH); m/z(EI) 401 (MH+); 400 (M+); 291 (M+- 
CjHgOgP); accurate mass, found 401.0824, C17H22O7PS (MH^) requires 401.3904.
Synthesis of d im ethy l (1-methoxy, l-[3-{4-m ethoxy benzyloxy} phenyl]) 
m eth an ephosphonate  (111)
OMe
MeO,
A mixture of (108) (3-6lg, 12.5mmol), trimethyl phosphite (4ml, 33-6mmol) and 
trimethylchlorosilane (8ml, 63-4mmol) was stirred, in the dark, under an 
atmosphere of N2, at room temperature for 60h. The excess phosphite and
trimethylchlorosilane were removed in  vacuo to yield a brown oil. Purification by 
vacuum distillation afforded the title  com pound as a yellow oil (3-09g, 67%). bp. 
200-203°C/2mmHg; (thin film) 2998, 2957, 2836 (COCH3), 1582, 1246 (P=0), 
1179, 1034 (POCH3), 777, 701 cm '\ ônlCDCy 3-72 (3H, s, ArOCH^). 3.81 (3H, s, 
OCH3); 3 .88-3.91 (6H, m, POCH3), 4.40 (IH, d, } 16, CH), 4.69 (2H, s, CH )^, 6.67-6.91 
(3H, m, ArH); 6.97 (IH, s, ArH), 7.13-7.20 (2H, m, ArH); 7.26 (2H, d. J 9, ArH); 
m/z(EI) 367 (MH+); 366 (M+); 357 (M+.C2H6O3P); accurate mass, found 366.3498, 
CigHzgO^ P requires 366.3499.
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Synthesis of l-m ethoxy-l-(3“benzyloxy)phenylm ethane-2-adam antylidene 
(112)
OMe
Under a blanket of scrubbed N ,^ diisopropylamine (2.00ml, 14.0mmol), in dry, 
redistilled THF (10ml), was cooled to -78°C, n-butyl lithium (9ml, 14.0mmol) 
added slowly via a syringe and allowed to stir for lOmin. The pale yellow 
solution was stirred keeping the temperature below -75°C. After 30min a 
solution of (109) (2.22g, 6.6mmol), in THF (10ml), was added and the pale yellow 
solution stirred at -78°C for 50min. 2-Adamantanone (l.OOg, 6.6mol) in dry THF 
(7ml) was added, the mixture allowed to warm to room temperature (—20°C) 
whilst stirring for 4h.
The reaction was quenched by adding 3M HCl (3ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
yellow-brown granular oil was purified by flash column chromatography (using 
5% EtOAc/40-60 petrol) and recrystalhsation from cold pentane gave the title  
com pound as a white crystaUine soHd (1.52,64%), mp. 75-77°C; (CHCl  ^ soln.) 
2908, 2847, 1578,1454, 1288 (COC), 1239 (COC), 1097 (COC), 1081 (COC), 1027 
(COC), 755, 697 cm '; ôalCDCy 1.58-2.03 (12H, m, adamantyl-H), 2.62 (IH, s, 
adamantyl-H), 3.24 (IH, s, adamantyl-H), 3.28 (3H, s, OMe), 5.06 (2H, s, CH )^, 6.88- 
6.92 (3H, m, ArH), 6.94 (IH, s, ArH), 7.25 (IH, d, J 8, ArH), 7.26-7.28 (2H, m, ArH), 
7.37 (IH, t, J 8 , ArH), 7.42 (2H, m, ArH); m/z(EI) 361 (MH+), 360 (M+), 345 (M+- 
CH3), 91 (C;H/) (Found: C, 83.38; H, 7.89. C^ gH^ gOg requires C, 83.30; H, 7.83%).
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Synthesis of l-m ethoxy-l-(3-(4-toluenesulfonoxy) pheny l))m ethane-2- 
adam anty lidene (113)
OMe
ÔTos
Under a blanket of scrubbed Ng, diisopropylamine (0.80ml, 5.7mmol), in dry, 
redistilled THF (10ml), was cooled to -78°C, n-butyl lithium (3.60ml, 3.7mmol) 
added slowly via a syringe over lOmin. The pale yellow solution was stirred 
keeping the temperature below -75°C. After Ih, a solution of (110) (l.OOg, 
2.5mmol) in dry THF (3ml) was added and the pale yellow solution stirred at - 
78°C for 50min. 2-Adamantanone (0.20g, 1.33mmol) in dry THF (3ml) was added, 
the mixture allowed to warm to room temperature (~20°C) whilst stirring for 4h.
The reaction was quenched by adding 3M HCl (1ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
yellow-brown granular oil was purified by flash column chromatography (using 
5% EtOAc/40-60 petrol) and recrystalhsation from cold pentane gave the title  
com pound as a white crystalline sohd (0.106, 10%), mp. 113-114°C; (CHCI3 
soln.) 29O8, 2848, 1373 (SO), 1270 (COC), 1194 (SO), 1076 (COC), 1059 (COC), 
1027, 920, 758, 668 cm '; 0h[CDC1J 1.56-2.17 (12H, m, adamantyl-H), 2.44 (IH, s, 
adamantyl-H), 3.06 (3H, s, CH3), 3.15 (IH, s, adamantyl-H), 316 (3H, s, OCH3), 6.79 
(IH, s, ArH), 7.02 (IH, d, J 8, ArH), 7.19 (IH, d, J 8, ArH), 7.28 (IH, t, J 8, ArH), 7.41 
(2H, d, J 9, ArH), 7.75 (2H, d, J 9. ArH); m/z(EI) 425 (MH+), 424 (M+), 409 (M+- 
CH3), 269 (M^-C^HAS), 91 (CyH/) (Found: C, 70.76; H, 6.71. C^^H^AS requires 
C, 70.73; H, 6.65%).
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Synthesis of l-m ethoxy-l-(3-[4 'm ethoxy]benzyloxy)phenylm ethane-2- 
adam anty lidene (114)
OMe
MeO,
Under a blanket of scrubbed Ng, diisopropylamine (2.00ml, 14.3mmol), in dry, 
redistilled THF (15ml), was cooled to -78°C and n-butyl lithium (9.00ml, 
14.3mmol) added slowly via a syringe. The pale yellow solution was stirred 
keeping the temperature below -75°C. After 30min, a solution of (111) (2.00g, 
5.5mmol) in THF (5ml) was added and the orange solution stirred at -7S°C for 
45min. 2-adamantanone (O.S3g. 5 5mmol) was added, the mixture allowed to 
warm to 0°C whilst stirring for 4h.
The reaction was quenched by adding 3M HCl (4ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
brown oil was purified by flash column chromatography (using 20% 
EtOAc/hexane) to yield a pale yellow oil which solidified on standing for 48h. 
Recrystalhsation from cold pentane afforded the title compound as a colourless 
crystalhne sohd (1.08g, 51%), mp. 87-88°C; (CHCl  ^ soln.) 3018, 2913, 2850, 
1576, 1216, (C=COCHg), 1040 (COCH )^, 762, 700 cm '; ÔnlCDCy 2.01-1.77 (12H, m, 
adamantyl-H). 2.63 (IH, s, adamantyl-H); 3.24 (IH, s, adamantyl-H); ), 3 28 (s, 3H, - 
OCH3), 3.81 (3H, s, ArOCHg), 4.99 (2H, s, CHJ; 6.88-6.93 (5H, m, ArH), 7.25 (IH, t, J 
8, ArH), 7.36 (, 2H, d J 9, ArH); m/z (El/) 391 (M+4-1), 390 (M+), 121 (C ,H ,0/) 
(Found; C, 79.95; H, 8.06. C^A^Og requires C, 79 97; H, 7.74%).
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Synthesis of 3-(benzyloxy)phenyl-2-adam antyl ketone (115)
A suspension of (112) (0.05g, 0.2mmol) in 1:1 (v/v) glacial acetic
acid/concentrated hydrochloric acid (2ml) was left to stand at room temperature 
whist using a drying tube to prevent the entry of excess water. Tic showed that 
all the starting material had reacted after ca, lOmin, and the acids were removed 
in  vacuo. The resulting yellow oil was diluted with ether and the solution washed 
with brine (twice) before drying over sodium sulphate. Removal of the solvent in  
vacuo afforded the title  com pound as a pale tan solid. (0.05g, 98%), mp. 7S-79°C; 
Vma. 3020, 2914, l678(CO), 1580, 1216 (C=COC) 1029, 752, 698 cm"; ônlCDCy 
1.54-2.09 (IIH, m, adamantyl-H). 2.29 (2H, s, adamantyl-H), 3.39 (IH, s, 
adamantyl-H), 5.11 (2H, s, CHJ, 7.14 (IH, d, J 8, ArH), 7.34-7.45 (8H, m, ArH); m/z 
(El) 347 (MH+), 346 (M+), 255 (M+- C7H7), 211 M+- 91 (C7H7) (Found: C,
83.03; H, 7.57. C24H26O2 requires C, 83.20; H, 7.56%).
Synthesis of 3-(2-nitrobenzyloxy) benzaldehyde (117)
A mixture of 3-hyrdroxy benzaldehyde (1.60g, 13.1mmol), KgCO^  (1.82g, 
13.2mmol), 2-nitrobenzyl bromide (2.28g, 10.6mmol) and Nal (O.lOg, 0.7mmol) in 
95% MeCN(aq) (40ml) was refluxed for 4.5h. The mixture was diluted with water
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(30ml) and the MeCN removed under reduced pressure and the resulting slurry 
was extracted into CHCI3 and washed with IM NaOH containing ice (calOg). 
Subsequent washing with water, drying over NagCOg and removal of the solvent 
in  vacuo afforded a pale yellow oil which solidified on standing to give the title  
com pound as a tan coloured sohd (2.70g, 99%). mp. 79-81°C; (CHCI3 soln.) 
3021, 1698 (C=0), 1588, 1527 (CNOJ, 1343 (CNO^), 1216 (ArOR), 760, 700 cm '; 
ÔhCCDCIJ 5.56 (2H, s, CHJ, 7.27 (IH, d, J 8. ArH), 7.47-7.54 (4H, m, ArH), 7.70 (IH, 
t, J 8, ArH), 7.87 (IH, d, J 8, ArH), 8,19 (IH, d, J 8, ArH), 9.99 (IH, s, CHO); m/z (Cl) 
275 (MNH/), 229 (MNH/-NO2) (Found: C, 65.19; H, 4.26; N, 5-43. 
requires C, 65.37; H, 4.31; N, 5.44%).
Synthesis of benzaldehyde-3-benzoate (118)181
To a mixture of 3-hydroxy benzaldehyde (19.00g, 155.5mmol) and triethylamine 
(26.00ml, 186.2mmol), carefully, in 2ml portions. The reaction mixture was 
stirred at room temperature for I6h. The product was taken up in ethyl acetate, 
washed with O.IM HClf^ qj (lx50ml) and brine (3x50ml) before drying over sodium 
sulphate and removal of solvent in  vacuo. The resulting brown oil sohdified on 
standing overnight and the title compound was obtained as a colourless 
crystalline sohd after recrystalhsation from hot ethanol (32.3Ig, 92%), mp 37-38°C 
(ht. 37-38°C); (CHCI3 soln.) 3021, 1740 (CO), 1699 (CO), 1265, 1232, 758, 
710 cm '; ôaLCDCy 7.49-7.53 (3H, m, ArH), 7.56 (IH, t, J 7. ArH), 7.63 (IH, d, J 7. 
ArH), 7.76 (IH, s, ArH), 7.82 (IH, d, J 7. ArH), 8.21 (2H, d, J 7. ArH), 10.03 (IH, s, 
CHO); m/z (Cl) 244 (MNH/), 139 (MNH/'C.HgO), 105 (C ^O ^) (Found: C, 74.36; 
H, 4.48. C14H10O3 requires C, 74.33; H, 4.46%).
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Synthesis of 3-(2-nitrobenzyloxy) benzaldehyde dim ethylacetal (119)
OMe
OMe
Using a flask with an attached side arm condenser a mixture of (117) (2.70g, 
10.5mmol); 2,2-dimethoxypropane (20.00ml, l62.7mmol) and a few crystals of p- 
toluenesulfonic acid was heated to 70°C until no more of the acetone by-product 
was generated (ca.. 2.5h). The orange oil was washed with NaHCOg, extracted 
into DCM and the organic layer washed twice with water before drying over 
sodium sulphate and removal of the solvent in  vacuo. The resulting golden 
brown oil purified by vacuum distillation to afford the title  com pound as a pale 
yellow oil (2.89g. 89%), bp. 184-187°C/ 2mmHgt 3021, 2936, 2834 (COCHg), 
1586, 1532 (CNOj, 1346 (CNOJ, 1235 (C=COC), 760, 700 c m \ ôaCCDCy 3.32 (6H, 
s, OCH^), 5.35 (, IH, s CH), 5.48 (2H, s, CHJ, 6.93 (IH, d, J 8, ArH); 7.11 (2H, 
m,ArH); 7.29 (IH, t, J 8, ArH); 7.46 (IH, t, J 8, ArH); 7.66 (IH, t, J 8, ArH); 7.88 (IH, 
d, J 8, ArH); 8.15 (IH, d, J 8, ArH); m/z (Cl): 321 (MNH/); 272 (M^-OCHg), 257 (M+- 
C^ HôO) (Found: C. 63.51; H, 5.57; N, 5.60. Ci^ H^ yNOg requires C, 63.35; H, 5.64; N, 
4.60%).
Synthesis of 3-benzoyloxybenzaldehyde d im ethyl acetal (120)
A solution of (118) (1 l.OOg, 48.7mmol) in 2,2-dimethoxypropane (80.00ml, 
650.8mmol), containing a few crystals of p-toluenesulfonic acid, was heated to
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70°C. The acetone by-product was removed via a side arm condenser. After 2.5h, 
when acetone evolution had finished, the solution was washed with saturated 
NaHCO^ (aq) and brine before drying over sodium sulphate. Removal of solvent in  
raci/o afforded the title  com pound as an orange oil (13.12g, 95%). 2858, 1737
(CO), 1202 (COCH3), 1035, 760, 708 cm '; ônlCDCy 333 (6H, s, OCH3), 7.18 (lH,d, J 
8, ArH), 7.21 (IH, s, ArH), 7.37 (IH, s, ArH), 7.42 (IH, d, J 7, ArH), 7.50 (IH, t, J 7, 
ArH), 7.62 (IH, d, J 7, ArH), 8.20 (IH, d, J 8, ArH); ); m/z (El) 273 (MH+), 272 (M+), 
167 (M^-CyH;0), 105 (C7H5O); accurate mass, found 272.3001, CigH^ ^O^  requires
372.3000.
Synthesis of d im ethy l 1-methoxy, l-(3-[2-nitrobenzyloxy]phenyl) 
m eth an ep h o sp h o n ate  (121)
P (O M e )2
NO:
A mixture of (119) (0.51g, 1.7mmol) and trimethyl phosphite (0.30ml, 2.5mmol) 
in dry redistilled DCM (8ml), under dry Ng, was cooled to -78°C using an 
acetone/cardice bath. TiCl  ^ (0.3ml, 2.7mmol) was added dropwise and the 
resulting dark mixture stirred for 30min. The mixture was allowed to warm to 
room temperature for a further 1.25h. The reaction was quenched by addition of 
30%MeOH(aq) (7ml) and the organic solution washed with NaHCOg and brine 
before drying over sodium sulphate and removal of the solvent in  vacuo. The 
resultant brown oil was purified by column chromatography using 2:1 
acetone/hexane as the elutant to afford the title  com pound as a yellow oil (0.42g, 
65%), bp 190°C/ ImmHg; 2999. 2956, 2838 (COCHJ, 1586, 1515 (CNOj, 1302 
(CNO2), 1248 (P=0), 1035 (FOR), 767, 697 cm '; ôaECDCy 3.39 (3H, s, OCHJ, 3 70 
(6H, dd, Ji 10, h  10, POCH3), 4.53 (IH, d, J 16, CH), 5.50 (2H, s, CHJ, 6.97 (IH, d, J
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8, ArH), 7.08 (2H, m, ArH), 7.33 (IH, t, J 8, ArH), 7.50 (IH, t, J 8, ArH), 7.69 (IH, t, J 
8, ArH), 7.91 (IH. d, J 8, ArH), 8.16 (IH, d, J S, ArH); m/z(EI) 381 (M+), 272 (M+- 
C^ HôOgP) 137 (C;H6NOzH+); accurate mass, found 381.0977, C^ yH^ oNOyP requires 
381,3213.
Synthesis of d im ethy l 
m eth an ep h o sp h o n ate  (122)
l-m ethoxy-l-(3-benzoyloxyphenyl)
P(OMe)2
A mixture of (120) (13.00g, 47.8mmol) and trimethyl phosphite (7.80ml, 
66.0mmol) in dry redistilled DCM (90ml), under argon, was cooled to -78°C using 
an acetone/cardice bath. TiCl  ^ (7.80ml,71.2mmol) was added dropwise and the 
resulting dark mixture stirred for 30min. The mixture was allowed to warm to 
room temperature for a further 45min. The reaction was quenched by addition of 
30%MeOH(^q) (50ml) and the organic solution washed with NaHCO^ and brine 
before drying over sodium sulphate and removal of the solvent in  vacuo. The 
resultant brown oil was purified by column chromatography using 2:1 
acetone/hexane as the elutant to afford a yellow oil, which solidified on standing. 
Recrystalisation from hot ether afforded the title  com pound as a colourless 
crystalline solid (12.21g, 73%), mp.49-52°C; 2898, 1734 (CO). 1234 (PO), 1027
(POMe), 1002, 710 cm"; ônlCDCy 3.43 (3H, s, OCHg ), 3.72 (6H, dd, h 7, h  10 
POCHj ), 4.60 (IH, d, J 15, CH), 7.22 (IH, d, J 8 ArH), 7.34 (IH, s, ArH), 7.38 (IH, s, 
ArH), 7.44 (IH, d, J 7, ArH), 7.51 (2H, t. J 8, ArH), 8.19 (2H, d, J 7, ArH); 0p[CDClJ 
21.35; m\z (Cl) 368 (MNH/), 351 (MH+), 241 (M+-CAO,P) (Found: C, 58.07; H, 
5.32. Ci^HiçOôP requires C, 58.29; H, 5.47%).
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Synthesis o f l-m ethoxy-l-(3-[2-nitrobenzyloxy]phenyl)m ethane-2- 
adam anty lidene (123)
OMe
Under a blanket of scrubbed Ng, diisopropylamine (0,30ml, 2.Immol), in dry, 
redistilled THF (7ml), was cooled to -78°C and n-butyl lithium (1.30ml, 2. Immol) 
added slowly via a syringe. The pale yellow solution was stirred keeping the 
temperature below -75°C. After 30min, a solution of (121) (0.32g, O.Smmol) in 
THF (2ml) was added and the dark yellow solution stirred at -78°C for 45min. 2- 
adamantanone (0.13g, O.Smmol) was added, the mixture allowed to warm to 0°C 
whilst stirring for 4h,
The reaction was quenched by adding 3M HCl (2ml) and the mixture partitioned 
between brine and DCM. The organic layer was washed with water, dried over 
sodium sulphate and the solvent removed under reduced pressure. The resulting 
brown oil was purified by flash column chromatography (using 10% 
EtOAc/hexane) to yield the title  com pound as a yellow oil which solidified on 
standing to a pale yellow powdery solid (0.06g, 18%), mp. 89-92°C (uncorrected), 
Vmax 3016, 2922, 2827 (COCH,), 1576, 1526 (CNOJ; 1343 (CNO^), 1238, 1054 (=C- 
OR), 766. 703 c m \ ônlCDCy 1.75-2.17 (12H, m, adamantyl-H), 2.60(1H, s. 
adamantyl-H), 3.24 (IH, s, adamantyl-H). 3.29 (3H, s. OCH3), ); 5-50 (2H, s, CHJ, 
6.91 (3H, m, ArH), 7.28 (IH, s, ArH), 7.48 (IH, t, J 8, ArH), ); 7.66 (IH, t, J 8, ArH), 
8.16 (IH, d, J 8, ArH), 8.19 (IH, d, J 8, ArH); m/z(EI) 406 (M+1); 405 (M+); 136 
(CyH^NOz )^; accurate mass, found 405.1930, C25H27NO4 requires 405 4926.
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Synthesis o f l-m ethoxy-l-(3-hydroxyphenyl)m ethane-2-adam antylidene
(1 2 4 )134^
OMe
OH
Under a blanket of scrubbed Ng, diisopropylamine (2,00ml, 14.3mmol), in dry, 
redistilled THF (15ml), was cooled to -78°C and n-butyl lithium (4.00ml, 6.46mol) 
added slowly via a syringe. The pale yellow solution was stirred keeping the 
temperature below -75°C. After 30min, a solution of (122) (l.OOg, 2.9mmol) in 
THF (5ml) was added and the dark yellow solution stirred at -78°C for 45min. 2- 
Adamantanone (0.45g, 2.9mmol) in THF (5ml) was added, the mixture allowed to 
warm to 0°C whilst stirring for 4h.
The reaction was quenched by adding IM KHzPO/NagHPO^ buffer solution (at pH 
7) (50ml) and the extracted into ether. The ethereal layer was washed with 
water, dried over sodium sulphate and the solvent removed under reduced 
pressure. The resulting brown oil was purified by flash column chromatography 
(using 2:1 EtOAc/hexane) a yellow oil which was triturated with 1% MeCN in 
hexane to afford the title compound as a colourless powdery solid (0.37g, 48%), 
mp. 130-134°C (lit.'^* 133-134°C); 3336 (OH), 2849, 1699 (COMe), 1582, 1447,
1287, 1245. 1080, 872 cm"; ÔhICDCIJ 1.78-1.96 (12H, m, adamantyl-H), 2.64 (IH, s, 
adamantyl-H), 3.24 (IH, s, adamantyl-H), 3.30 (3H, s, OCH^), 4.94 (IH, broad s, 
D^O labile, OH), 6.76 (IH. d, J 8, ArH), 6.81 (IH, s. ArH), 6.88 (IH. d, J 8, ArH). 7.23 
(IH, t, J 8, ArH); m/z (El) 270 (M+), 252 (M^-H^O), 240 (M^-CH^O) (Found; C, 79.87; 
H, 8.25. C18H22O2 requires C, 79-96; H, 8.20%).
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Synthesis of dim  ethy l (2-tetrahydropyranyl) phosphonate  (126)^
O
"P(OMe)2
A mixture of 2-methoxytetrahydropyran (5*50g, 47.4mmol) and trimethyl 
phosphite (7.80ml, 66.0mmol) in dry redistilled DCM (90ml), under argon, was 
cooled to -78°C using an acetone/cardice bath. TiCl  ^ (7.8ml,712mmol) was added 
dropwise and the resulting dark mixture stirred for 30min. The mixture was 
allowed to warm to room temperature for a further 45min. The reaction was 
quenched by addition of 30%MeOH(aq) (50ml) and the organic solution washed 
with NaHCOj and brine before drying over sodium sulphate and removal of the 
solvent in  vacuo. The resultant brown oil was purified by column 
chromatography using 2:1 acetone/hexane as the elutant to afford the title 
compound as a yellow oil (6.62g, 72%), bp. 100-101°C/0.2mmHg (lit.^“  109- 
lll°C/0.3mmHg); (thin film) 2955. 1267 (PO), 1237, 1090 (COC), 1045 
(POCH3), 1032, 927, 889, 840, 823 cm '; ôaECDCy 1.49-1.57 (2H, m, THP-H), 1.62-
1.71 (2H, m, THP-H), 1.74-1.89 (2H, m, THP-H), 3.45 (IH, t, J 6, THP-H), 3.77 (IH, t, 
J 6, THP-H), 3.79-3.84 (6H, m, POCHg), 4.09 (IH, d, J 11, THP-H); m/z (Cl) 212 
(MNH/), 195 (MH+). 85 (M+-C2H5PO3); accurate mass, found 212.2049, C^ H^ ^NO^ P 
(MNH/) requires 212.2052.
Synthesis of l-m ethoxy-l-(3-{l-[2-quinoxalinyl]m ethoxy}phenyl) 
m ethane-2-adam antylidene (127)
OMe
To a solution of (124) (0.36g, 1.3mmol) and crushed NaOH (0.05g, 1.3mmol) in 
dry THF (6ml) was added (75) (0.25g, l.lmmol) in dry THF (2ml). The mixture
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was stirred at room temperature, under argon, in the dark, for 3.5h. The 
resulting slurry was poured into excess phosphate buffer at pH 7 (ca,. 30ml) and 
the volume reduced by half in  vacuo. The product was extracted into ethyl 
acetate and the organic solution washed with IM Na^COg and three times with 
brine before drying over sodium sulphate and evaporation in  vacuo. Purification 
by column chromatography using 2:1 hexane/ethyl acetate and recrystalhsation 
form hot methanol afforded the title  com pound as a colourless crystalhne sohd 
(0.32g, 69%), m.p. 102-104°C ; (CHCI3 soln.) 2901, 2846, 1606, 1576, 1449, 
1285 (C=COC), 1098 (C=COC), 1081, 758, 703, 666 cm '; Ô^ECDCy 1.66-2.04 (12H, 
m, adamantyl-H), 2.58 (IH, s, adamantyl-H), 3.24 (IH, s, adamantyl-H), 3 29 (3H, s, 
OCH3), 5.43 (2H, s, CHJ, 6.95-7.00 (3H, m, ArH). 7.31 (IH, dd, h  8,h 1, ArH), 7.77 
(2H, dd, Ji 7, J2 2, quinoxahne-H), 8.10 (2H, dd, h 7, L 2, quinoxahne-H), 9.11 (IH, 
s, quinoxahne-H); m/z (El) 412 (M^), 269 (M -^CgHyNz), 143 (CgHyNg); accurate mass 
found 412.214819 Cz^ H^ gN^ O^  requires 412.2151. (Found; C, 78.34; H, 6.81; N, 
6.80. CzyHzgNzOz requires C, 78,61; H, 6.84; N, 6.79%).
Synthesis of 3-brom om ethyl-l-m ethylquinazolinum  trifluo rom ethane  
su iphonate  (129)
CF3SO
To solution of (75) (0.12g, 0.5mmol) in dry dichloromethane (2ml), under argon, 
was added methyl triflouromethane suiphonate (0.3ml, 1.2mmol). The mixture 
was stirred, in the dark, for 2h. The solvent was removed in  vacuo and the 
gummy solid triturated with 1% acetonitrile/ether. Filtration afforded the title  
com pound as a pale blue powdery sohd (0.17g, 84%), mp.90°C (dec.); (CHClg 
soln.) 3454 (broad, H^O), 3020, 2360 (C=N+), 1522, 1260 (SO3), 1160 (SO3), 1029 
(CF), 669 (CBr), 639 cm '; ônCCDCy 4.68 (3H, s, NCH3), 5.14 (2H, s, CHJ, 8,38 (2H, 
t, J 8, ArH), 8,51 (IH, d, J 8, ArH), 8.65 (IH, d, J 8, ArH), 9 88 (IH, s, ArH); m/z (El)
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238/240 (1:1 doublet, MH^), 237/239 (1:1 doublet M+), 159 (MH^-Br), 158 (M^-Br) 
(Found: C, 32.61; H, 2.98; N, 6.91. CuHioBrF^NAS-Hp requires C, 32.55: H. 3.13; 
N, 6.86%).
Synthesis of 3-benzoyloxybenzaldehyde d iethy l acetal (130)
OEt
OEt
A mixture of (118) (5.30g, 23 4mmol) and ethanol (90.00ml, 1.5mol) in toluene 
(120ml), containing a few crystals of toluenesulfonic acid, was heated to ca. 
105°C. The water by-product was removed via a side arm condenser. The 
reaction is monitored by tic using 1:1 ethyl acetate/hexane, the product being less 
polar than tha starting aldehyde. After ca. 4h the solution was washed with 
saturated NaHCOgg^ )^ and brine and the organic solution treated with 
decoloursiing charcoal filtration, drying over sodium sulphate and removal of 
solvent in  vacuo and purification by vacuum distillation afforded the title  
com pound as a pale yellow oil (6.28g, 89%), bp. l62-l64°C/3mmHg; (thin 
film) 2975, 2882, 1739 (CO), 1451, 1263, 1229 (=COC), 1062 (COC), 1080 (=COC), 
1025, 779, 707 cm '; ôaECDCy 1.23 (6H, t, J 7, CH,), 3.56 (4H, dq. 3 h  7, CHj, 
5 58 (IH, s, CH), 7.18-7.20 (2H, m, ArH), 7.34-7.41 (2H, m, ArH), 7.48-7.56 (2H, m, 
ArH), 7.64 (IH, t, J 8, ArH); m/z (Cl) 318 (MNH/), 288 (MNH/-CzH;OH); accurate 
mass found 318.1705 CigHggNOg (MNH^^) requires 318.1705.
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Synthesis of d im ethy l l-ethoxy-l-(3-benoyloxyphenyl) 
ph osphonate  (131)
P (O M e )2
m eth an e
A mixture of (130) (6.00g, 20.0mmol) and trimethyl phosphite (3.60ml, 
30.6mmol) in dry redistilled DCM (60ml), under argon, was cooled to -78°C using 
an acetone/cardice bath. TiCl  ^ (3.60ml,32.9mmol) was added dropwise and the 
resulting dark mixture stirred for 30min. The mixture was allowed to warm to 
room temperature for a further l,5h. The reaction was quenched by addition of 
30%MeOH(,q) (40ml) and the organic solution washed with NaHCOg and brine 
before drying over sodium sulphate and removal of the solvent in  vacuo. The 
resultant brown oil was purified by column chromatography using 2:1 
acetone/hexane as the elutant to afford the title  com pound as a colourless oil 
(4.87g, 67%); (thin film) 2983, 2854, 1742 (CO), 1221 (COC), 1030, 802, 698 
cm '; ÔHlCDCy 1.24 (3H, t, J 7, CHg); 3-71 (2H, dq, h 1 h  7, CHJ, 4.70 (IH, d, J 18, 
CH), 7.18 (IH, d, J 8, ArH), 7.27 (IH, s, ArH), 7.32 (IH, t, J 8, ArH), 7.41 (IH, d, J 8, 
ArH), 7.54 (2h, d, J 8, ArH), 7.61 (IH, d, J 8, ArH), 8.19 (2H, d, J 8, ArH); m/z (Cl) 
382 (MNH/), 365 (MH+), 255 (M^-C^PO^), accurate mass found 382.1417 
CigHzgNO^P (MNH/) requires 382.1420.
Synthesis of l-e thoxy-l-(3’hydroxyphenyl)m ethane-2-adam antyIidene 
(132)
OEt
OH
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Under a blanket of scrubbed Ng, diisopropylamine (4.00ml, 29.8mmol), in dry, 
redistilled THF (20ml), was cooled to -78°C and n-butyl lithium (5.40ml, 
13.5mmol) added slowly via a syringe. The pale yellow solution was stirred 
keeping the temperature below -75°C. After 30min, (131) (2.07g, 5 7mmol) in 
THF (8ml) was added and the dark yellow solution stirred at -78°C for 45niin. 2- 
Adamantanone (l.OOg, 6.7mmol) in THF (8ml) was added, the mixture allowed to 
warm to 0°C whilst stirring for I 6h.
The reaction was quenched by adding IM KHzPO/NazHPO^ buffer solution (at pH 
7) (50ml) and the extracted into ether. The ethereal layer was washed with 
water, dried over sodium sulphate and the solvent removed under reduced 
pressure. The resulting brown oil was purified by column chromatography (using 
2:1 EtOAc/hexane) and the yellow oil was triturated with 1% MeCN in hexane to 
give colourless powdery solid. Recrystalhsation from hot methanol yielded the 
title  com pound diS a colourless crystalhne sohd (O.QOg, 56%), mp. 109-111°C; 
(CHClg soln.) 3330 (OH), 2839, 1586 (C=COC), 1445, 1256, 1242, 1080 (COC), 
790cm"; ÔhICDCIJ 1.15 (3H, t, J 7, CHg), 1.72-2.17 (12H, m, adamantyl-H), 2.67 (IH, 
s, adamantyl-H), 3.25 (IH, s, adamantyl-H), 3 48 (2H, q, J 7, CHj), 5 72 (IH, broad 
s, D P  labile, OH), 6.75 (IH, d, J 8, ArH), 6.83 (IH, s, ArH), 6.85 (IH, d, J 8, ArH), 
7.19 (IH, t, J 8, ArH); m/z (El) 284 (M+), 121 (CyHp+) (Found: C, 80.54; H, 8.53. 
C19H24O2 requires C, 80.24; H, 8.51%).
Synthesis of l-ethoxy-l-(3-{l-[2-quînoxalm yl]m ethoxy}phenyl) m ethane  
-2-adam antylidene (133)
N
OEt
‘N
To a mixture of (132) (0.64g, 2.3mmol) and crushed NaOH (0.09g, 2.3mmol) in dry 
THF (8ml) was added (75) (0.50g, 2.3mmol) in THF (8ml). The mixture was
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Stirred at room temperature, under argon, in the dark, for I6h. The resulting 
slurry was poured into excess phosphate buffer at pH 7 (ca.. 50ml) and the 
volume reduced by half in  vacao. The product was extracted into ethyl acetate 
and the organic solution washed with IM NajCO^ and three times with brine 
before drying over sodium sulphate and evaporation in  vacuo.
Purification by column chromatography using 2:1 hexane/ethyl acetate and 
recrystallisation form hot methanol afforded the title  com pound as a colourless 
crystalline solid (0.47g, 49%), m.p. 79-S0°C; (CHClg soln.) 2910, 2850, 1597. 
1583, 1488, 1243 (C=C-0), 1191, 1098 (C=C-0), 757, 705, 666cm"; aaLCDCy 1.10 
(3H, t, J 7, CHg), 1.65-2.10 (12H, m, adamantyl-H), 2.61 (IH, s, adamantyl-H), 3.25 
(IH, s, adamantyl-H), 3 43 (2H, q, J 7, CHj, 5 43 (2H, s, CH )^, 6.94 (IH, d, J 8, ArH), 
6.95 (IH, d, J 8, ArH), 7.02 (IH, s, ArH), 7.27 (IH, t, J 8, ArH), 7.75-7.83 (2H, m, 
quinoxaline-H), 8.07-8.15 (2H, m, quinoxaline-H), 9.11 (IH, s, quinoxaline-H); m/z 
(El) 427 (MH+), 426 (M+), 143 (C^H^N/) (Found; C, 78.57; H, 7.02; N, 6.48. 
C28H30N2O2 requires C, 78.84; H, 7.09; N, 6.56%).
Synthesis of l-ethoxy-l-(3-{l-[3-(l-m ethylquinoxalin ium ) m ethoxy] 
phenyl})m ethane-2-adam antylidene trifluo rom ethane  su iphonate  (134)
OEt‘N+
Under a blanket of argon, methyl trifluoromethane suiphonate (1.10ml of a 
2.1x10 ^ moldm ^ solution in chloroform, 0.2mmol) was added to a suspension of 
calcium hydride (0.02g, 0.5mmol) in dry chloroform (4ml), the mixture was 
stirred for lOmin. A solution of (133) (O.lOg, 0.2mmol) in dry chloroform was 
added and the slurry stirred, in the dark, for 2h. The solvent was removed in  
vacuo and dry ether added. The resulting solid was filtered and redissloved in
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acetonitrile. The remaining calcium hydride residues were filtered and the 
filtrate evaporated in  vacuo. The gummy sohd was triturated with dry ether to 
afford the title  com pound as a yellow powdery sohd (O.OSg, 58%), m.p. 146°C 
(dec.), (CHCl  ^soln.) 3010, 2846, 1600, 1578, 1466, 1240 (C=COC), 1188, 1102 
(C=COC), 767, 712, 682cmS ônECDCy 1.07 (3H, t, J 7, CH3), 1.76-1.97 (12H, m, 
adamantyl-H), 2.66 (IH, s, adamantyl-H), 3.27 (IH, s, adamantyl-H), 3 48 (2H, q, J
7, CHJ, 4.92 (3H, s, NCH3), 5.61 (2H, s, CHj, 6.90-7.04 (3H, m, ArH), 7.34 (IH, d, J
8, ArH), 8.23 (2H, dd, h  8 J2 8, quinoxahne-H), 8.40 (IH, d, J 8, quinoxahne-H), 8.5O 
(IH, d, J 8, quinoxahne-H), 9.53 (IH, s, quinoxahne-H); m/z (FAB) 442 (MH^), 441 
(M l, 426 (M+-CH3), 398 (426 -QHJ (Found: C, 64.19; H, 6.02; N, 4.89. 
C30H33F3N2O5S.H2O requires C, 64.27; H, 5.93; N, 5.00%).
Synthesis of adam anty lldeneadam antane-l,2 -d ioxetane (135)120
A solution of (91) (0.80g, 3 0mmol) and methylene blue (ca. 3mg) in dry, 
redistiUed DCM (30ml) was irradiated using a water cooled 400W medium 
pressure Hg arc lamp whilst oxygen continued to be bubbled through the sample, 
for 1.5h. An additional stream of compressed gas was continually blown between 
the lamp water jacket and the reaction tube to displace the heat from the lamp so 
that the sample temperature remains below 35°C.. Monitoring of the reaction by 
tic (using 95% 40-60 petrol/EtOAc) showed the appearance of a more polar 
product and the complete disappearance of the starting olefin after Ih. The 
methylene blue was removed by passing through a sihca plug and washing 
through with DCM. Removal of the solvent in  vacuo afforded the title compound 
as colourless powdery sohd (0.84g, 93%), mp. 166°C (dec.) (ht.^^° 169-172°C); 
ôaECDCy I.3O-2.25 (24H, m, adamantyl-H); 3 22 (4H, s, adamantyl-H).
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Synthesis of
adam antane] (136)^ ®^
4-M ethoxy-4-(2-phenyl)spiro[l,2"dioxetane-3,2’-
MeO
A solution of (99) (0,30g, 1.2mmol) and methylene blue (ca.lmg) in dry, 
redistilled DCM (30ml) was irradiated using a water cooled 400W medium 
pressure Hg arc lamp whilst oxygen continued to be bubbled through the sample, 
for 40min. An additional stream of compressed gas was continually blown 
between the lamp water jacket and the reaction tube to displace the heat from 
the lamp so that the sample temperature remains below 35°C.. Monitoring of the 
reaction by tic (using 95% 40-60 petrol/EtOAc) showed the appearance of a more 
polar product and the complete disappearance of the starting olefin after 2.5h. 
The methylene blue was removed by passing through a sihca plug and washing 
through with DCM. Removal of the solvent in  vacuo afforded the title compound 
as a yellow oil which sohdified to a colourless crystalline solid on standing (0.32g, 
93%), mp 85-8S°C (dec.) (ht.'^^ 84-85°C); bJCDC]J 1.55-2.10 (12H, m, 
adamantanyl-H), 2.17 (IH, s, adamantanyl-H), 3 05 (IH, s, adamantanyl-H), 3 22 
(3H, s, OCHg), 7.42-7.46 (5H, m, ArH); m/z (El) 150 (2-adamantanone 
(decomposition product)); 136 (methyl benzoate (decomposition product));
Synthesis of 4-(3-hydroxyphenyl)-4-m ethoxyspiro(l,2-dioxetane-3,2- 
adam antane) (137)^^^^
MeO
OH
A solution of (124) (0.2 Ig, 0.8mmol) in dry DCM (30ml) and methylene blue 
(ca.lmg) was irradiated using a water cooled 400W medium pressure Hg arc lamp
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whilst oxygen continued to be bubbled through the sample, for 40min, An 
additional stream of compressed gas was continually blown between the lamp 
water Jacket and the reaction tube to displace the heat from the lamp so that the 
sample temperature remains below 35°C, The vinyl ether and the dioxetane 
exhibit the same Rf value on tic when using 5:1 hexane/ethyl acetate, thus the 
first appearance of the cleavage products (2-adamantanone and 3-hydroxy 
methylbenzoate) signify the end point of the reaction (c.a. Ih). Removal of the 
dye by passing through a silica plug and evaporation of the solvent afforded the 
title compound as an off-white solid (0.2l6g, 90%), mp. 129-133°C (dec.) (lit.^ '^** 
135°C); ÔhICDCIJ 1.54-1.99 (12H, m, adamantyl-H), 2.72 (IH, s, adamantyl-H), 
3.22 (IH, s, adamantyl-H), 3 40 (3H, s, OCHg), 5.28 (IH, broad s, DgO exchangable, 
OH), 6.74-6.80 (2H, m. ArH), 6.88 (IH, d, J 8, ArH), 7.21 (IH, dd, h  S, h  1, ArH).
Synthesis o f 4-(3-hydroxyphenyl)-4-ethoxyspiro(l ,2-dioxetane-3,2-
adam antane) (138)
Etc
OH
A solution of (132) (0.25g, 0.9mmol) in dry DCM (30ml) and methylene blue 
(ca.lmg) was irradiated using a water cooled 400W medium pressure Hg arc lamp 
whilst oxygen continued to be bubbled through the sample, for 40min. An 
additional stream of compressed gas was continually blown between the lamp 
water jacket and the reaction tube to displace the heat from the lamp so that the 
sample temperature remains below 35°C. The dioxetane appeared as a slightly 
more polar spot on tic when using 5:1 hexane/ethyl acetate. The end point of 
the reaction was reached after irradiation for Ih. Removal of the dye by passing 
through a silica plug and evaporation of the solvent afforded the title  com pound 
as an off-white sohd (0.22g, 90%), mp. 125-127°C (dec); ô^lCDCy 1.20 (3H, t, J 7, 
CH3), 1.54-1.99 (12H, m, adamantyl-H), 2.72 (IH, s, adamantyl-H), 3.22 (IH, s,
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adamantyl-H), 3-54 (2H, q, J 7, CHg), 5.28 (IH, broad s, D2O exchangable, OH), 
6.74-6.80 (2H, m, ArH), 6.88 (IH, d, J 8, ArH), 7.21 (IH, dd, h 8, 1. ArH).
Synthesis of 4-(3 '{l-[2-quinoxalinyl) m ethoxy]phenyl})-4-m ethoxyspiro 
( 1,2-dioxetane-3,2-adam antane) (139)
MeO o
A solution of (133) (0.15g, 0.4mmol) in dry DCM (20ml) and methylene blue 
(ca.lmg) was irradiated using a water cooled 400W medium pressure Hg arc lamp 
whilst oxygen continued to be bubbled through the sample, for 40min. An 
additional stream of compressed gas was continually blown between the lamp 
water jacket and the reaction tube to displace the heat from the lamp so that the 
sample temperature remains below 35°C. A O.IM o-nitrophenol solution in 2M 
NazCOg was placed between the hght source and the rescUon vessel to act as as a 
uv filter. Tic of the reaction mixture after 45niin showed the starting material to 
have completely reacted and a single more polar product formed. Removal of 
the dye by passing through a silica plug and evaporation of the solvent afforded 
the tid e  com pound as a pale yellow powdery solid (0.143g, 88%),mp. 128°C 
(dec.); ôalCDCy 1.58-2.07 (12H, m, adamantyl-H), 2.55 (IH, s, adamantyl-H), 3.00 
(IH, s, adamantyl-H), 3.23 (3H, s, OCH3), 5.49 (2H, s, CH )^, 6.91 (IH, d, J 8, ArH), 
7.10 (2H, m, ArH), 7.34 (IH, dd, J, 8, J, 1, ArH), 7.80 (2H, dd, J, 7, h  2, 
quinoxaline-H), 8.12 (2H, dd, h  7, J2 2, quinoxaline-H), 9.10 (IH, s, quinoxaline- 
H).
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Synthesis of 4-(3-{l-[3-(l-niethylquinoxalm lum ] m ethoxy]phenyl})-4- 
ethoxyspiro (l,2-dioxetane-3,2-adam antane) trifluo rom ethane  su lphonate  
(140)
EtO O
A solution of (134) (0.10g, 0.2mmol) in dry DCM (20ml) containing polymer 
bound rose bengal (50mg) was irradiated using a water cooled 400W medium 
pressure Hg arc lamp and a uv filter of 2-nitrophenol (2M solution in water at pH 
10). Oxygen gas was bubbled through the sample, for 40min. An additional 
stream of compressed gas was continually blown between the lamp water jacket 
and the reaction tube to displace the heat from the lamp so that the sample 
temperature remains below 35°C. A O.IM 2-nitrophenol solution in 2M NagCO  ^
was placed between the hght source and the reaction vessel to act as as a uv 
filter. After 40min the reaction mixture gave a positive result with starch/iodide 
(indicating the presence of the oxidising endoperoxide). Removal of the dye 
filtration evaporation of the solvent afforded the title  com pound as a dark green 
gum (0.05g, 48%); ônlCDCy 1.24 (3H, t, J 7, CH )^, 1.58-2.10 (12H, m, adamantyl- 
H), 2.54 (IH, s, adamantyl-H), 3.08 (IH, s, adamantyl-H), 3.34 (32, q, J 7, CH )^, 
4.93 (3H, s, NCH3), 5.63 (2H, s, CHJ, 7.00-7.02 (2H, m, J 8, ArH), 7.04 (IH, d, J 8, 
ArH), 7.43 (IH, t, h  S, ArH), 8.23 (2H, dd, h  8, h  2, quinoxahne-H), 8.47 (2H, dd, h  
8, J2 2, quinoxahne-H), 9 64 (IH, s, quinoxahne-H).
Synthesis of d ie thy l 1-hydroxy-1-phenyl m ethanephosphonate  (141)
OH
184
P(OEt)2
To a solution of benzaldehyde (3.00ml, 29 0mmol) and diethyl phosphite (4.00g, 
29-Ommol) in toluene (20ml) was added triethylamine (2.00ml, 14.5mmol) slowly
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keeping the temperature below 30°C. The mixture was stirred at room 
temperature for I6h before removal of the solvent and triethylamine in  vacuo. 
The resulting slurry was filtered and washed with pentane to afford the title 
compound as a white crystalline solid (2.94g, 42%), mp. 78*81°C (lit.^^ 80-81 °C);
(CHClg soln.) 3290 (broad, OH), 2985, 1235 (PC), 1028 (POC), 972, 755, 699, 
558 cm"; ônlCDCy 1.19-1.28 (6H, m, CH3), 4.84 (IH, broad s, D^O labile, OH), 3 93- 
4.09 (4H, m,CHj; 5.01 (IH, d, J 15, CH), 7.29-7.38 (3H, m, ArH), 7.49 (2H, d, J 8, 
ArH); m/z(EI) 245 (MH+), 244 (M+), 137 (M+-C^H^O) (Found: C, 53-98; H, 7.28. 
C11H17O4P requires C, 54.10; H, 7-02%).
Synthesis of d im ethy l l-hydroxy-l-(3-benzoyloxyphenyl) m eth an e  
ph osphonate  (142)
P(OMe)z
To a solution of (118) (6.73g, 29.8mmol) and diethyl phosphite (4.50ml, 
30.1mmol) in toluene (65ml) was added triethylamine (2.20ml,30.4mmol) slowly, 
ensuring the temperature remains below 30°C. The mixture was stirred at room 
temperature for 36h. Removal of the solvent in  vacuo and purification by column 
chromatography using 2:1 acetone/hexane afforded a pale yellow oil which 
solidified upon standing. Recrystalhsation from warm ether afforded the title  
com pound as a colourless crystalline solid (6,18, 57%), mp. 110-111°C; (CHCI3 
soln.) 3271 (broad, OH), 2984, 1737 (CO), 1451, 1267, 1254 (PO), 1142 (COC), 1063 
(POC), 974, 710 cm"; ÔhICDCIJ 1.18-1.37 (6H, m, CHg), 3-96-4.16 (4H, m, CH )^, 4.56 
(IH, broad s, D^O labile, OH), 5-04 (IH, d, J 11, CH), 7.13-7.17 (IH, m, ArH), 7-39- 
7.43 (3H, m, ArH), 7-50 (2H, t, J 8, ArH), 7-62 (IH, t, J 8, ArH), 8.17 (2H, d, J 8, ArH);
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m/z (Cl) 382 (MNH/), 365 (MH+), 245 (MNH/-C,HioPOg), 105 (CyH,0+); (Found: 
C, 59.33; H, 5.64. requires C, 59.34; H, 5.81%).
Synthesis of 3-(t-butyldlphenyl siloxy)benzaldehyde (143)
OTBDPS
A mixture of 3-hydroxybenzaldehyde (3.00g, 24.6mmol), t-
butylchlorodiphenylsilane (6.40ml, 24.6mmol) and triethylamine (4.00ml, 
28.7mmol) in DCM (10ml) was stirred at room temperature for 24h. The solution 
was washed with IM HCl^ q, 2M NaOH and twice with water before drying over 
sodium sulphate and evaporation in  vacuo. Purification by flash column 
chromatography using 1:1 hexane/acetone afforded the title  com pound as a pale 
yellow oil (8.56g, 97%). bp. 165-168°C/3mmHg; (thin film) 2932, 2858, 1702 
(CO), 1583. 1482, 1278 (SiC), 833, 742, 701 cm"; ÔhICDCIJ 1.11 (9H, s, CCH )^, 6.95 
(IH. d, J 8, ArH), 7.23 (IH, dd, J 8, ArH), 7.28 (IH, d, J 8, ArH), 7.29 (IH, s, ArH),
7.34-7.42 (6H. m. ArH), 7.72 (4Hm d, J 7, ArH), 9 80 (IH, s, CHO); m/z (El) 360 
(M+), 303 (M+- C4H9), 225 (303 - CôHô) accurate mass, found 360.1544, CzA^O^Si 
requires 360.1545
Synthesis of 3-(t-butyldiphenyl siloxy)benzaldehyde e thy lene acetal 
(144)
OTBDPS
A mixture of (143) (3 61g, lO.Ommol), ethylene glycol (1.50ml, 26.9mmol) and few 
crystals of p-toluensulfonic acid as a catalyst in toluene (30ml) was heated to
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120°C and the azeotroped water by-product collected via a side arm condenser. 
Upon cessation of water generation (ca.. 2.5h) the solution was neutralised with 
saturated NaHCOg, washed with brine. Drying over sodium sulphate and 
evaporation in  vacuo to afforded a pale orange oil. Purification by vacuum 
distillation afforded the title  com pound as a pale yellow oil (3-59g. 89%),bp. 244- 
246°C/2mmHg; (thin fim) 2932. 2859. 1589. I486, 1283 (SiC), 1113 (COC), 
822, 742, 701 cm '; 8g[CDCy 1.11 (9H, s, CCH3). 4.00 (4H, d. J 3. CHj, 5.76 (IH, s, 
CH). 6.76 (IH. d, J 8. ArH), 6.98 (IH, s, ArH), 6.99 (IH, d, J 8, ArH), 7.05 (IH,. dd, J 
8), 7.34-7.42 (6H. m. ArH), 7.72 (4H, d, J 7, ArH) m/z (El) 404 (M+). 347 (M^- C,Hg), 
303 (347 " CH2=CH(0 H)^); accurate mass found 404.179403, CzgHjgO^Si requires 
404.180773.
Synthesis of d im ethy l l-(3-t-butyldiphenyl siloxy) phenyl-1 (2 - 
hydroxyethyoxy) m eth an e  pho sp h o n ate  (145)
HO,
TBDPSO
To a solution of (144) (2.25g, 5.6mmol) in dry DCM (40ml), under argon and at - 
78°C, was added TiCl  ^ (1.00ml, 91mmol) slowly. Trimethyl phosphite (1.00ml, 
8.5mmol) was added in two portions and the mixture stirred, at -78°C, for 30min 
warming to room temperature for a further 45min. The reaction was quenched 
by pouring into a large excess of saturated NaHCO^ and the product extracted into 
ethyl acetate. The turbid aqueous residue was washed with ethyl acetate 
(3x50ml) and the combined organics washed with brine, dried over sodium 
sulphate and evaporated. Purification by column chromatography using 2:1 
acetone/hexane afforded the title  com pound as a colourless oil (1.95g, 68%), v^ ax 
(thin film) 3408 (OH), 2956, 2858, 1600, 1483. 1277 (SiC), 1113 (COC), 1038 (POC), 
822, 742, 701 cm '; 8h[CDC1J 1.09 (9H. s, CCH )^, 2.70 (IH, broad s. D^O
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exchangeable, OH), 3.46 (2H, t, J 4, CHJ, 3.48 (6H, dd, h 10, h  7, POCH^), 3.61 (2H, 
t, J 4, CHz), 4.53 (IH, d, J 16, CH), 6,78 (IH, d, J 8, ArH), 6.80 (IH, s, ArH), 6.92 (IH, 
d, J 8. ArH), 7.11 (IH, t, J 8, ArH), 7-34-7.42 (6H, m, ArH), 7.72 (4H, d, J 7. ArH); m/z 
(El) 514 (M+), 457 (M+-C,Hp), 426 (457-CHz=OH+); accurate mass found 
514.193029, C^ ^HggOePSi requires 514.194056-
Synthesis o f d im ethy l l-(3-t-butyldiphenylsiloxy)phenyl-l-(2-[N - 
phthalim ido]ethoxy) m e th an ep h o sp h o n a te  (146)
P(OMe)
OTBDPS
A solution of (145) (3 31g, 6,5mmol), triphenylphosphine (l-85g, 71mmol), and 
phthalimide (0.96g, 6.5mmol) in dry THF (35ml) was cooled to 0°C. 
Diethylazodicarboxylate (1.10ml, 6.9mmol) was added dropwise over lOmin (i.e. 
allowing the colour to disappear after each drop) and the mixture stirred for 
lOmin before warming to room temperature for 1.5h. Evaporation and 
purification by column chromatography using 2:1 ethyl acetate/hexane afforded 
two components, a polar by-product (Ph^PO) and the title  compound, a slightly 
less polar moiety, as a very pale yellow viscous oil (2.67g, 70%), (CHClg soln.) 
3472, 2955, 2858, 1774 (CO), 1712 (CO), 1601, 1277 (Si-C), 1112 (COC), 1036 
(POC), 823, 763, 722 cm '; ôaCCDCy 1.00 (9H, s, CCH,), 3.47 (6H, dd, 10, 
OCH3), 3.54 (2H, t, J 4, CHJ, 3.75 (2H, t, J 4, CHJ, 4.49 (IH, d, J 15 PCH), 6.70 (IH, 
d, J 8, ArH), 6.80 (IH, s, ArH), 6.83 (IH, d, J 8, ArH), 6.85 (IH, dd,h 8, h  1, ArH),
7.34-7.36 (6H, m, ArH), 7.71 (6H, m, ArH), 7.82 (2H, m, ArH); m/z (Cl) 644 (MH+),
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587 (M+-C^Hg),535 (MH^-CAPO^), 454 (MH+'CiANO^); accurate mass found 
643.7475 C^ gH^ gNO^ PSi requires 643.7470.
Synthesis of d im ethy l l-(3-t-butyldiphenyl siloxy) phenyl-1-(2’-
am inoethyoxy) m eth an e  pho sp h o n a te  (148)
NH:
OTBDPS
To a solution of (146) (l.OOg, 1.7mmol) in ethanol (10ml) was added hydrazine 
monohydrate (0.90ml, 2.6mmol). The mixture was stirred at 50°C until the 
solution became turbid, ca.. 15min. The slurry was poured into excess 2M HC^ 
(ca.. 20ml) and heated on a steam bath for lOmin. The solid phthalylhydrazide 
was filtered and the ethanol removed in  vacuo. The remaining 
phthalylhydrazide was removed and the aqueous solution basified to pH 8 by 
dropwise addition of 2M NajCOg. The product was immediately extracted into 
EtOAc and washed with brine before drying over sodium sulphate and vacuum 
evaporation to afford the title  com pound as a yellow oil (0.52g, 60%); (CHCl^  
soln.) 3251 (broad, NH  ^str.), 2956, 2858, 1659 (NH bend), 1600, 1277 (Si-C), 1113 
(COC), 1055 (POC), 822, 743, 703 cm '; Ô^ECDCy 1.09 (9H, s, CCH )^, 2.44 (2H, 
broad s, D^O exchangable, NH )^ 3.41-3.56 (8H, m, OCH3 +  CHj, 4.20 (2H, t, J 4, 
CHJ, 4.47 (IH, d, J 16,PCH), 6.67 (2H, m, ArH), 6,92 (IH, d, J 8, ArH), 7.10 (IH, dd, 
Ji 8, J2 1, ArH), 7.32-7.43 (6H, m, ArH), 7.65-7-72 (4H, m, ArH); m/z (Cl) 531 
(MNH/) 514 (MH+), 483 (M^-CH^NHJ, 456 (M+- C,Hp), 404 (M+- C^POg); 
accurate mass found 531.6821, Cz^ H^ oNgOgPSi (MNH/) requires 531 6827.
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Synthesis of d im ethy l l-(2-[4-toluenesulfonoxy] ethoxy)-!-(3-t-
butyldiphenylsiloxy) pheny l m ethyanephosphonate  (150)
TosO.
TBDPSO
A mixture of (145) (0.89g, 1.7mmol), p-toluenesulfonyl chloride (0.33g. l.Jmmol) 
and triethylamine (0.30ml, 2.2mmol) in DCM (7ml) was stirred at room 
temperature for 7h. The solution was diluted with DCM (30ml) and washed with 
IM HClgq, saturated NaHCO^ and brine before drying over sodium sulphate and 
evaporation in  vacuo. Purification by column chromatography using 2:1 acetone/ 
hexane afforded the title  com pound as a colourless oil (0.63g, 55%); (thin 
film) 2956, 2858, 1599, 1484, 1360 (OSOJ 1277 (SiC), 1177 (OSOJ, 1113 (COC), 
1033 (POC), 821, 746, 703 cm '; SgECDCy 1.09 (9H, s, CCH,), 2.43 (3H, s, T0S-CH3), 
3.40 (2H, t, J 4, CHz), 3 52 (6H, dd, 10, OCH3), 4.00 (2H, t, J 4, CHJ, 4.44 (IH, d. 
J 16, CH), 6.75 (IH, s, ArH), 6.76 (IH, d, J 8, ArH), 7.09 (IH, d, J 8, ArH), 7.31 (IH, t, 
J 8, ArH), 7.30-7.39 (6H, m, ArH), 7.40 (2H, d, J 9, Tos-H), 7.69 (4H, d. J 7, ArH), 
7.75 (2H, d, J 9, Tos-H); m/z (El) 669 (MH+), 611 (M+-C4H9), 559 (M -^C^H^PO )^; 
accurate mass found 669.210913, Cg^ H^ gOgPSSi (MH^) requires 669.2107.
Synthesis of l-(2-[4-toluene sulphonoxy) ethoxy-l-(3-t-butyldiphenyl 
siloxy) pheny lm ethane-2-adam anty lidene (151)
TosO,
OTBDPS>
To a solution of diisopropylamine (2.00ml, 14.3mmol) in dry THF (30ml), under 
argon and at -78°C, was added 1.6M n-BuLi in hexanes (4.60ml, 7.3mmol) and the
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Stirring continued for 45min. A solution of (145) (1.90g, 3.6mmol) in dry THF 
(10ml) was added slowly and stirring continued for 45min. 2-Adamantanone 
(0.59g, 3.9mmol) in dry THF (10ml) was added, the solution allowed to warm to 
room temperature and stirring continued for 3h. p-Toluenesulfonyl chloride 
(0.69g, 3.6mmol)in dry THF (10ml) was added and the mixture stirred for 16h. 
The reaction was quenched by pouring into excess phosphate buffer at pH 7 and 
the product extracted into ether. The ethereal solution was washed with 
saturated NaHCO^ and brine before drying over Na^COg and evaporation in  vacuo. 
Purification by column chromatography using 1:10 acetone/hexane and 
trituration with 1:10 MeCN/hexane afforded the title  com pound as a colourless 
powdery sohd (0.50g, 20%), m.p. 95-97°; (CHCl^  soln.) 2924, 2853, 1597, 1360 
(OSOJ, 1283 (=COC), 1257 (SiC), 1113 (COC), 1097 (C=COC), 819, 737, 707 cm '; 
ônECDCy 1.09 (IH, s, CCHg), 1.37-1.86 (12H, m, adamantyl-H), 2.33 (IH, s, 
adamantyl-H). 2.44 (3H, s, Tos-CHg), 3.02 (IH, s, adamtantyl-H), 3 26 (2H, t. J 4. 
CHz), 3.91 (2H, t. J 4, CHz), 6.52 (IH, s, ArH), 6.75 (IH, d, J 8, ArH), 6.77 (IH, d, J 8, 
ArH), 7.07 (IH, t, J 8, ArH). 7.30-7.39 (6H, m, ArH), 7.40 (2H, d, J 9, Tos-H), 7.69 
(4H, d, J 7, ArH), 7.76 (2H, d, J 9 ,Tos-H); m/z (El) 693 (M+), 636 (M+-C,H,), 522 
(M+'C^HySOg) (Found: C, 73.07; H, 7.21. C^AgO^SSi requires C, 72.79; H, 6.98%).
Synthesis of 2-(2-(6-brom onaphthyl)oxy)m ethylqum oxaline (153)
To a mixture of 6-bromo-2-naphthol (0.60g, 2.7mmol) and crushed NaOH (0.1 Ig, 
2.7mmol.) in dry THF (7ml) was added (75) (0.50g, 2.2mmol) in THF (3ml). The 
mixture was stirred at room temperature, under argon, in the dark, for I6h. The 
resulting slurry was poured into excess phosphate buffer at pH 7 (ca.. 50ml) and 
the volume reduced by half in  vacuo. The product was extracted into ethyl 
acetate and the organic solution washed with IM Na^COg and three times with 
brine before drying over sodium sulphate and evaporation in  vacuo. Purification
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by column chromatography using 2:1 hexane^ethyl acetate and recrystallisation 
form hot methanol afforded the title  com poand as a colourless crystalline solid 
(0.42g, 52%), m.p. I30-132°C; v„„ (CHCl, soln.) 3019, 1591. 1506, 1390, 1262 
(C=COC), 1052 (C=COC), 847, 669 (CBr) cm '; ShICDCIJ 5-53 (2H, s, CHJ, 7.25 
(IH, s, ArH), 7 30 (IH, d, J 8, ArH), 7.49 (IH, d, J 8, ArH), 7.57 (IH, d, J 8, ArH), 
7.68 (IH, d, J 8. ArH), 7.78 (2H, m, ArH), 7.82 (IH, s, ArH), 8.13 (2H, m, ArH), 9.14 
(IH, s, ArH): m/z (El) 365/367 (1:1 doublet, MH+). 364/366 (1:1 doublet, M+). 285 
(M+-Br), 143 (CçHjNj*) (Found: C, 62.52: H, 3.55: N, 7.62. C.^fliaErN^O requires C, 
62.48: H, 3.59: N, 7.62%).
Synthesis of l-m ethyl-3-(2-(6-brom onaphthyl)oxy) m etby lqu inoxalin ium  
triflu o rm eth an e  su lphonate  (154)
To solution of (153) (O.lOg, 0.3mmol) in dry dichloromethane (6ml), under argon, 
was added methyl triflouromethane sulphonate (0.25ml, l.lmmol). The mixture 
was stirred, in the dark, for 16h. The solvent was removed in  vacuo and the 
gummy sohd triturated with 1% acetonitrile/ether. Filtration afforded the title  
com pound as a yellow powdery sohd (0.08g, 52%), m.p. .156 (dec.): (CHCl,
soln.) 3032, 2968, 1680, 1590, 1498, 1388, 1228 (C=COC), 1087 (C=COC), 851, 
653 (CBr) cm ': Bg[CDClj 4.89 (3H, s, NCH,), 5.72 (2H, s, CH )^, 7.43 (IH, d, J 8, 
ArH), 7.44 (IH, s, ArH), 7.58 (IH, d, J 8, ArH), 7.74 (IH, d, J 8, ArH), 7.86 (IH, d, J 
8, ArH), 8.07 (IH, s, ArH), 8.30 (2H, m, ArH), 8.47 (2H, m, ArH), 9-36 (IH, s, ArH): 
m/z (ED380/382 (1:1 doublet, MH'^), 379/381 (1:1 doublet, M+), 158 (C,,H„N/) 
(Found: C, 47.42: H, 2.97: N, 5.08. C^jHi^BrFjNAS requires C, 47.65: H, 3.05: N, 
5.29%).
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